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ABSTRACT

The first phase of a physiologic research program was conducted to explore the
responses of humans to rotation and acceleration. The test vehicle was the Rotationql
Flight Simulator, an air bearing suspended sphere with unrestricted rotational freedom
propelled by internally mounted inertia rings and, in the later phase, complemented
by a single axis external drive assembly. Engineering efforts established the
dynamics and improved the control of the test vehicle. Instrumentation wais provided
fo- the readout, display, and recording of sigr,ificant data serving for physio!ogic
evaluation and medical monitoring. The data were telemetered; pictorial display of
the subject and two-way communication links %ere provided. A total of 138 experi-
ments yielded valid physiologic and human performance information in a rotational
environment from fractional to 16 rpm and for several minutes to a maximum of
30 minutes. The subject pane! conristed of 7 young, healthy males (USAF personnel)
thatt served previously as subjects in the centrifuge.

Results of the study indicated: The Rotational Flight Simulator properly used
and instrumented represents a valuable and unique test vehicle. Changes in heart
rate and ECG readings depended on body position with respect to gravity. Electro-
oculogram, subjective sensations, incipient nausea, and ability of the pilot to right
the stationary sphere after tumbling were all dependent on the rate, duration, and
axis pattern of rotation.
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I

RISEARCH ON THE HUMAN PHYSIOL061C RESPONSE TO PROLONGED
ROTATION AND ANGULAR ACCELERATION

A. hEgIdng Activities

I. INTRODUCTION Structure. The sphere is constructed of a
2-in. layer of nylon honeycomb with fiber glass

In aerospace studies it is important to learn faces on each side. It is coated with abrasion-
how man responds physiologically to rotational resistant polyester (0.1 in. thick). A vertical
and angular accelerations. We wished to ex- bulkhead in the sphere supports the seat and
amine cardiova3cular, respiratory, oculomotor, other equipment, and divides the two compart-
and subjective sensations to movement in ments-the subject compartment and the
various planes of rotation. The Rotatioral instrument (hydraulic control system) corn-
Mlight Simulator (RFS) at the USAF School partment, Two doors are located approximate-
of Aerospace Medicine was the facility to be ly 180* from each other.

used in accomplishing these studies. The en-
gineering work was to support the test plan by Air bearing. The original air bearing sys-
determining and improving the dynamic re. tern relied on the single cup "hole in center"
sponse and control of the RFS facility, principle and required large quantities of air

(1,200 std. c. f./min. at 20 p.s.i.) to achieve
The physiologic experiments required a free floating conditions. (This type of air

step-by-step development of basic and specific bearing imposed restrictions on the maximum
physiologic sensing instrumentation, the Instal- safe rotational speed and a contract was let to
lation, checkout, and maintenance of the remedy these shortcomings.)
telemetry, display, and recording system, and
the necessary dynamic and physiologic instru- Air-conditioning. An air-cooling system
mentation. allows the sphere to maintain approximately

a 700 temperature during runs not to exceed

The Rotational Flight Simulator 1 hour. This system was supplemented by a
special window-type air-conditioner for certain

The RFS facility was designed as a device tests. Cooling is adl. :ved by a replenishablecapable of simulating the rotational flight con- ice supply. Ice water is circulated through a
trol problems expected to be encountered in heat exchanger and the warm water is returned

manned flights. It consists of a fiber glass to the ice tanks where it is again chilled.
sphere (10 ft. in diameter) comprising power Propulsion drive system. Rotation of the
control and telemetry elements. The sphere is simulator is achieved by driving three large
supported by a pressurized air bearing provided inertia rings located in the three principal
by a stationary cylindrical pedestal and fed by planes of the ball. Driving of a ring in one
a compressor/air supply system and external direction causes the simulator to rotate in the
control console. Display, recording, monitor- opposite direction.
ing, and control consoles, as well as TV display
and two-way communication systems, are sta- The rings are energized by activation of
tioned nearby. the "joy stick" by the subject within the sphere
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or by control switches at the outside control Air bearing supply system. Air pressure
panel. is provided by a remotely located low pressure/

high flow compressor (800 std. c. f./inin.) and
Hgdraulic system. The rings are propelled a jet starter (1,200 std. c. f./min.). This sys-

by friction drive wheels connected, through a tem is subject to overhaul in the subsequent
solenoid-operated magnetic clutch, to a hydrau- phase of the program.
lic motor. The pressure driving the hydraulic
motor is controlled and regulated from the Capabilities of the RIS
main system pressure through a servo control
system. The hydraulic syt.em originally Dynamic and control characteristics. The
presented a severe safety hazard. It was RFS represents a unique test vehicle that in
rebuilt by Government personnel for utilization its dynamic response closely resembles a space
of nonflammable hydraulic fluid. vehicle with respect to rotational motion--ex-

cept for the presence of gravity, of course.
The main system pressure is supplied by The RFS is a vehicle of unrestricted angular

a hydraulic pump driven by an electric motor motion, featuring only negligible damping. It
(60 v., d.c.) which, owing to its design, was is propelled by three inertia rings which are
another limiting factor for long-term high- arranged in three mutually perpendicular
acceleration test runs and reliability, planes and produce body-fixed torques which

themselves are rotating with the sphere. Since
Main battery and charger system. Seven the external drive system was installed, propul-

12-v. storage batteries are mounted inside the sion is accomplished by torques that are earth-
sphere and provide power for operations. Five fixed and nonrotating-not fixed to the sphere.
of the batteries serve the hydraulic system.
Two batteries supply power for all other in- In the assessment of the dynamic and con-
strumentation and telemetry of the simulator. trol characteristics we have to differentiate

between two modes of operation which are
Radio control. The Rotational Flight Simu- governed by the initial conditions: (a) An

lator's drive control system is operated ex- angular acceleration is applied to the system
ternally by control switches cn the radio control while it is at rest or spinning only abcut the
transmitter located tn the external console. axis around which it is accclerated. (The
The amount of radio command acceleration is sphere has no angular momentum about any
adjustable throughout the total capability other axis.) (b) An acceleration acts on the
range of the drive system, Adjustments are system which has an angular momer' in a
made by setting the gain potentiometers at the direction that does not add or subt irom
control amplifier in the sphere. the original angular momentum.

Telemetry system. The sphere has unre- These two conditions cause radically dif-
stricted rotational freedom and all information ferent dynamic responses. Furthermore, in
to and from it is transmitted via a telemetry the case of b above, the dynamic response
transmitter system located in the simulator. of the sphere differs Lzcause of torques applied

by the inertia rings (body-fixed and rotating)
Television system. Observation of the in contrast to those produced by the external

simulator subject by the external operator is drive system (earth-fixed and nonrotating).
provided by a compact portable television sys-
tem of broadcast quality. Attitude and motions of sphere accelerated

from the initial rest position. Assuming the
Voice communication. Direct voice com- configuration at rest as the initial condition,

munication between the subject and the ex- the sphere will, not considering air bearing
ternal console operator is provided by three turbine torques, react with a spinning motion
commercial "push-to-talk" transceivers, in opposite direction of the inertia rings
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energized, or in the direction of the torque The frequency and magnitude of this spiraling
applied by the drive wheels of the external effect is a function of the ratio of the moment
drive system. The direction of the rotation of inertia of the two axes involved. In the case
axis can be predicted by the rules of simple that the moment of inertia about both axes
vector compounding. becomes equal, the spiral increases until the

motions induceU iall in the plane of '.he original
The sphere assumes the characteristics of rotation. The obvious reason for this wobble

a gyroscope with consistently increasing an- is that the acceleration applied occurs about
gular momentum as long as an acceleration a sphere-fixed axis, which itself rotates with
prevails. As soon is ,he acceleration stops and the sphere so that the torque assumes positive
a rate prevails, the angular momentum remains and negative values if observed from the out-

fixed. side. A case was investigated in which the
sphere was propelled by the external drive

For a sphere not equipped with external system. In these calculations damping was not

drive system the spin axis of the sphere considered and it was found that the sphere
describes a small cone angle if the spin axis would respond with a series of short oscillationsdecrbe reaivl small acplnud around ifthheiai
is not coincidently the axis of the greatest or of relatively small amplitude around the

smallest moment of inertia of the sphere. Ow- originally selected axis (fig. 2, addendum 1).

ing to the viscous damping of the air bearing This excursion would shortly subside and the
the sphere, in that casc, it slowly moves to align sphere would mainly follow the gyro law and
its axis of the greatest moment of inertia with precTh in direction of te e third coordinate.
the axis, about which the acceleration was sup-
plied. The amount and angular speed of these formed in a uniform fashion but at retarded-

nutations depend on the difference of the accelerated rates caused 1)y the superimposed

moment of inertia and on the viscous damping. excursions mentioned above.

It is assumed that the damping provided by the
external drive system will successfully cope
with this phenomenon and the nutations be The technical personnel of the Government
attenuated to negligible magnitudes. brought the RFS system to a reasonablt opera-

tional and safe status. The TV system was
Attitude and motions under dynamic conl- improved, a jet starter was added in the air

ditions. The dynamic response of the sphere supply system, and a fire hazard presented by
changes radically if an angular momen im inflammable fluid used in the hydraulic system
prevails at a time when an acceleration is ap- was removed. The latter activities involved
plied which does not directly add to or subtract complete refurbishing of the hydrisulic system
from the inherent angular momentum. Adden- and rewiring of the sphere.
dum 1 discusses a typical case for the system
when govlerned by inertia rirgs only, and ad-
dendum 2 gives the case of a aphere equipped
with the external drive system. In these cases The generation of a meaningful test plan
dynamic responses occur which are governed required a reasonable knowledge of the
by the gyro precession torques (M1d = I X () capabilities and the dynamic response of the
and the moment of inertia torques, and require test vehicle. The information available was
for accurate determination a computation of incomplete, outdated, and in part contradktory
differential equations. In a case of purely to theoretical engineering investigations.
inertia ring control, an input was applied to
the Y ring with a spin vector at 900 to the Severe restrictions were realized: (a) in
plane of rotation. The resulting motion was procedures that required the setup and mainte-
a spiraling of the spin axis which opened up nance of a clear axis of rotation; (b) in pro-
to a certai.a maximum cone angle and then cedures that required rotational speed in excess
decreamed again. See figure 1, addendum 1. of 12 rpm; (c) in procedures that required the
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V

maintenance of medium rotational speeds for was devised as shown in figure 1, displaying
longer periods of time (in excess of 10 min- the foreseen events and the precautionary
utes); and (d) in general performance and measures taken. The complete physiologic test
environmental conditions bearing directly on plan was submitted to the subjects who were
the safety of the subject. to undergo time tests. To assist in the actual

operational procedures, a safety checkoff list
Informed as to these findings, we devised and specific assignments were given everyone

an ace�ptable physiologic test-plan that re- participating in the experiments. Subsequent-
tained a necessary amount of flexibility. ly, a number of safety drills were performed.

It was found that a subject, in the event of a

A number of remedial engineering actions catastrophic failure, could be removed from the
relied in part on rudimentary operations (e.g., sphere within 18 seconds. Within these activi-
low-speed single-axis rotation was at times ties, also, the restraining harness for the sub-
produced manually and later on by means of ject was modified by the Air Force personnel.
a temporary and adjustable external drive An independent breathing air supply system
system). Subsequently the supporting instru- and mask were installed and instrumentation
mentation, telemetry, physiologic instrumenta- was relocated to assure free access to the sub-
tion, display, and recording systems were ject.
installed, refined, or newly developed and sup-
plemented in accordance with demands from III. ENGINEERING EFFORTS

the medical monitor or the physiologist.
(Note: No differentiation is made in this section

An external drive system had to be designed between tasks performed by the team of Government
and procured. Detailed drawings of subassem- technical personnel and those of SRL engineering

personnel which worked as an integrated team on
bly and system assembly were prepared. The essentially all instrumentation described hereafter.
system was designed to provide rotational Addendum 2 discusses the composite system and

speeds up to 50 rpm and maximum accelera- equipment layout.)

tions of 0.200 rad/sec.2

RFS dynamic testing
Other considerations Preliminary performance predictions of the

The air bearing and unsphericity of the RFS were made and fundamental tests per-

RFS resulted in a very high noise level, making formed as a basis for the physiologic test plan.

external operation communications very dif-
ficult. The external console arrangement was Within these activities a test program was

limited in that it did not have sufficient space designed for maximum utilization of the RFS
for system operation, dynamic output data, and with an ambitious aim of 3 to 4 dynamic runs
physiologic data and maintenance. The in- per day. Operation of the rings by the external

ternal RFS arrangement reflected inadequate manual control switches was augmented by an

safety and maintenance considerations for such automatic control system (ACS). This system

a highly experimental test vehicle, was designed from a mathematical estimate as
-to the desirable input pulses to the rings which

Safety measures would normally be accomplished by intermit-
tent operation of the external control switches a

The novelty of the test vehicle and its and now would be a preset operation rate
history necessitated a methodic review of safe- controlled by an automatic control system.
ty hazards that could occur during the experi- The intermittent duty cycle of the hydraulic
mental test phase. Extensive efforts were motor dictated relatively short inputs to the

made to assure maxinium safety for the sub- rings in the 0- to 10-second range. The auto-
jects undergoing physiologic experiments. Ap- matic control system made repeatability pos-
plicable Air Force Regulations were used as sible and thus minimized the complex dynamic
guidelines, and a comprehensive safety plan characteristics of the RFS.4I
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lowhe Tes program revealed the extremely reliability. In radical cases, for example, aMTBF (mean time between failure) of pair of auction cup axials were attached to re.the RFS facility. Difficulties included "fre- tain a desired axis of rotation and the spherequent malfunctions of the jet starter, unre- was propelled by hand (fig. 2). Later a basicliability of the auxiliary control system, and single axis external drive assembly was de-not having a continuous fuel supply, to mention signed and installed (fig. 3). This systemonly a few. The latter problem was resolved by proved to be very effective.
increasing the jet fuel storage capability at theplace of activity. Inertial instrumentation (instantaneous

position and rate readout)Finally the hydraulic motor proved to bethe prime limiting factor. Because of over- The inertial RFS instrumentation for theheating, its duty cycle was restricted to less assessment of speed consisted of only an openthan 18%. Considerable effort was made to loop readout system relying on three externalprovide for additional cooling and some in- rate meters. Each meter represented theprovement was noted. The duty cycle was respective rate in rpm of the inertia rings.carefuliy monitored by a special motor duty The rate signal is derived from a tachometercycle and temperature instrumentation 3ystem generator mounted on the drive wheel of eachdeveloped specifically for this test program, respective ring and represents rates of the
dri-e wheel, the inertia ring rpm (less slip-T1 ACS ultimately permitted RFS single page), and only in a relative manner the trueaxis rues above 12 rpm for 30 minutes. The rates of the RFS itself. The internal instru-RFS attitude control problems remained during mentation included a three-axis attitude in-the longer runs, and the limitations imposed dicator and meters to assist the subject inby the hydraulic motor limited the system to orienting himself. It was necessary to have ansingle ring operations, inertial reference system to provide informa-
tion as to the orientation of the subject. ForThe combination of RFS imbalance, un- this reason a three-axis, subject-oriented ratesphericity, and air bearing inefficiency pre- gyro system and a three-axis accelerometervented accurate attainment and maintenance of system were incorporated. The accelerometerslow rates and attitude by means of inertial are used as gravity sensors to indicate subjectring control. The threshold for this uncer- orientation relative to gravity (figs. 4A, B,tainty was at 3 to 5 rpm. and C).

Time limitation and excessive maintenance The rate gyro units (figs. 5A and B) con-problems precloded further dynamic analysis sist of a U. S. Time Corporation subminiatureand subsequontly a flexible and modest precision rate gyro, model SD-400, and thephysiologic test plan was formulated, related electronic circuits (1, 2).

The accelerometer package consists ofInternally and externally controlled bridge excitation circuitry for the accelerome-drive systems ters and a differential amplifier to condition
the accelerometer output for the voltage con-The original RFS featured an internal drive trol oscillators (VCO). The accelerometers are

system which could be activated internally or referenced to the subject/sphere axis so thatexternally. The lack of supporting dynamic a subject orientation relative to gravity is in-data precluded any but a theoretical estimate dicated at any given time and can be extractedof the actual RFPS dynamic performance. The from recordings. (The superimposed cen-marginal design of the electromechanical com- trifugal forces are comparatively small at theponents required consistent maintenance and rotational speeds experienced.) The accel-reaulted in time losses. Rudimentary modes erometer units (fig. 6) consist of a Stathamwere devised that assured a reasonable systems model F-2-350 linear accelerometer excitated

6



0

FIGURE 2

The application of suction cups to retain single axis rotation.



I

and calibrated according to manufacturer's in- TV system
structions, with the low level output amplified
by a Philbrick PP65AU operational amplifier This instrumentation was considered es-
in a differential configuration. R, was ad- sential for the safety and physiologic evalua-
justed to give a calibrated signal equal to 1 G. tion during test runs. Although the present
The balance potentiometer can be set to read system was operational, it ahowed poor res-
+ 1 G, 0 G, or --1 G as desired without affect- olution and instability. The video transmit-
ing the basic 1 G calibrated signal. ting system was modified to include a front end

FIGURE 8

The rmounting and -wrangem•nt of the single akki external drive system

8



video amplifier with an emitter-coupled modu- Basic instrumentation setup
lator. This significantly improved the quality
of the picture and the stability of the
basic synchronization pulses. A spare GE The RFS has a space- and power-limited
No. 4TE9A3 camera replaced the marginal environment. The basic sources are 24-v.
Dage No. 340B camera unit. The TV mount direct current and 115-v. at 400 Hz. Power
was modified to accommodate this camera, and consumption is a constant consideration. The
special connections of the external power plug RFS is an electrically insulated sphere resting
were provided. on an electrically grounded base. Because of

its self-contained nature, the RFS resembles, in
The new TV system performs remarkably many ways, the environment of an airborne

well except for momentary fading when the system. All RFS systems must be capable of
antenna revolves in the air bearing cup. performance in an aircraft-type environment.

RFS intercom system Telemetry system. The telemetry system
(fig. 7) consists of a Bendix TXV-100 telem-

* Th RF extrna comuniatio suvey etry transmitter (TX) with center frequency
showed that a standard aircraft intercom sys- at 235.5mse 1TX E-wit volte c

tem would be satisfactory. The system finally at 235.5 msec./sec., 12 TOE-305 voltage con-

decided upon was an AN/AIC-10 USAF inter- trolled oscillators (VCO) and one TAA-305

com system which would be modified to accom- mixer amplifier (3). The TX is loaded into an

modate the special control function of the RFS AT-256A/ARL standard UHF aircraft antenna.

facility and the FM telemetry link for com-
munication with subject. The same type of antenna is used to recover

the signal from the RFS. The FM receiver
The system was designed for maximum (RX) is a Nemes Clarke model 1412. The

growth potential and flexibility. It was in- 12 qubcarrier discriminators are Vector model
stalled and modified to meet RFS specific AD-10B. Table I is a listing of the IRIG sub-
needs. To improve the signal-to-noise level carrier frequencies (3).
and provide for automatic frequency contro!, a
new external FM receiver was installed. The input to the VCO's warrants special

attention. This system has an input require-
Environmental control of RFS ment of ± 1.5-v. maximum into a 100K-ohm

In the later phases of the test program, load. The voltage and frequency requirementa

work was started toward controlling the in- mean that all dynamic ana physiologic

ternal environment of the RFS. The existing parameters have to be conditioned to meet

system provided only for cooling the RFS. The those requirements. This imposes the burden

limit was about 700 F. A commercial room air- of having a special instrumentation package in-

conditioner was connected to the RFS and side the RFS.

thereby reduced its static temperature to 500 F. At first we wondered if data could be

There was no provision for heating the transmitted from the RFS because it was so
RFS. By use of small electric space heaters close to the grounded pedestal and because the
powered by the external ac. line power, the internal antenna would be randomly rotated in
RFS temperature was .ai'sed to 1000 F. for 30 of freedom. Fortunately, the recently in-
static conditions. Since the RFS is a good stalled aluminum hydraulic panel was mounted
thermal insulator, the static temperature could on the approximate rear hemisphere of the
be held for short runs. RFS and this panel was used as an RFS ground

reference. On the panel was mounted the
For future prolonged runs and dynamic standard aircraft VHF/UHF antenna (AT-

temperature control a more sophisticated 256A/ARC). In spite of the limited internal
thermal system will be required. antenna sptice and constant random antenna

9
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The instrument package used had initially
been designed for aircraft use and was modified

FIGURE 4A for the specific needs of the RFS. The package
Figues 4A, B, and C diasply the output of th, consists of 16 jacks for 8 amplifiers and

acclermet0 in relatiox to the subject's attitude as 8 special circuit boards. The boards are glass
fumtion of G. epoxy with a 12-pin connector (Vector No.

2811WE). All boards are wired for standard
power (±10 v.), input, and output connections.

orientation, fully satisfactory reception and
signal levels were re..lized. This was due in Because of the stringent space and power
part to the relatively high transmitter output requirements of the RFS, it was necessary that
(5 w.) for the relatively short distance (25 ft.). all electronic circuits be reduced or modified
It was anticipated that with the necessity for to fit the standard instrumentation circuit
several different transmitting systems, the re- board. The use of circuit boards provided
sulting internal reflections would cause serious standardiztion and overall system flexibility.
instrumentation problems. However, such To change a basic system parameter either
problems proved to be well within reasonable dynamically or physiologically requires only
limits, the replacement of the respective circuit board

10



power test panel was incorporated to provide
i Nfor maintenance testing of power supply per-

formance at the internal patch panel. This was
desirable because, owing to space limitations,
the power supply had to be located in the awk-
ward attic area of the RFS. In addition, special

PMH output load jacks were installed to provide for a
dummy resistance load for maintenance pur-
poses to simulate the input requirements of
the VCO's.

All external interconnections are made
through a system patch panel (fig. 9). This
panel contains the discriminator outputs. the
strip chart recorder input, the medical monitor
scope inputs, and a special 8 circuit board
conditioning panel. This panel features input

AXIS .90° and output jacks and a t15-v. supply for useR
Xi .1 with active circuits and affords conditioning ot

signals after they are received from the RFS.
-0z

In developing the instrumentation system
for the RFS the emphasis was placed on
developing a system with maximum flexibility,
minimum setup time, and calibration time.
This effort was realized by designing almost
all systems with internal calibration circuits.
The three-axis accelerometers and rate gyro
can be calibrated by a single three-axis switch.
The temperature systems can be calibrated for
full range by a unique two-switch configura-
tion at the top of each respective circuit board.

FIGURE 4C The blood pressure ramp can be calibrated from
the external console.

in the internal instrumentation package. The Data recording and physiologic monitoring.
system included a special plug which was All data reception, recording, and monitoring
modified to provide a safety feature for quick were done at the RFS recording facility. The
disconnection of the subject's harness. reco,-der consisted of an 8-channel real time

Beckman ink recorder. Although the telem-
To increase the signal-to-noise ratio, the etry system has a 12-channel capability, 8 chan-

subject's cable was replaced by one with special nels of data were sufficient for the testing.
shielding and two additional signal leads. The The medical monitor scope was an 8-channel
original power supply was modified by provid- Sanborn 700 series.
ing a regulation feature. Further improve-
ments included a rearrangement of the patch Development of physiologic instrumentation
panel and the addition of a special power test
panel independent of the power supply located The initial configuration of the RFS was
in the attic area of the RFS (fig. 8). The in- completely void of any physiologic instru-
ternal patch panel provides for complete patch- mentation. The TV system was satisfactory
ing flexibility from subject input plug to VCO for safety and general subject conditions, but
input, including all the intermediate amplifier the camera lacked sufficient resolution for it
and conditioning circuits. In addition a special to be useful in photographing physiologic data.
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FIGURE 5

A. Diagram of excitation ,f the gyroa.

B. The demodulation circuitry.
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The accelerometer electrical circuitry.
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FIGURE 7
The overall information processing and transnfiia8ion.



TABLE I

Subcarrier bas18s

Center Lower Upper Maximum Frequency

frequency limit limit deviation response
No. band No. (Hz) (Hz) (Hz) (%) (Hz)

1 2 560 518 602 7.5 8.4

2 8 780 675 785 7.5 11

8 4 960 888 1,082 7.5 14

4 5 1,306 1,202 1,399 7.5 20

5 6 1,700 1,572 1,828 7.5 25

6 7 2,300 2,127 2,478 7.5 85

7 8 3,000 2,775 8,225 7.5 45

8 9 3,900 8,607 4,193 7.5 59

9 10 5,400 4,995 5,805 7.b 81

10 11 7,850 6,799 7,901 7.-, 110

11 12 10,500 9,712 11,288 7.5 160

12 18 14,500 18,412 15,588 7.5 220

S,'gv- O'a•, ,,t A&t.. I

a~s 0 0 a5 0 0 2 W

L o 0"0 0 0 OO Ono 0 v

o3 *' e 00 0~ 00 000 -

00 00 
e * 

0 0 Os 0 0 0 0

&V%6'
t 00 0 0 0 0 0 - 0 0 0 0 0 0 0

oo oo *.o-•-o o~ 0

b0 0 0 0 0 0 0 000 ,.

a 0 O0 00 0 0 0 0 0 0
At P.L t`t, 'SAP

fb 0 0 .0 '6 00 0 +W

0 O0 0-0 0 0 0 0

FIGURE 8

The €oordi,•tion anid arra•.•me, t of the patch panui lo.o•d wIthin the ephe..'
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Electrocardiogram (fig. 10). Each ECG with respiration flow used to cool the therm.
system uses a basic three-lead silver chloride istor and givcw a corresponding bridge output.
electrode configuration with a N.'ennen-Great- This system recorded respiration '-ate but did
batch 621A high gain differential amplifier to not distinguish between inhalation, exhalation,
condition the ECG signal for the VCO inputs, and rest period. To achieve this objective, we
The output is adjusted not to exceed ±t1.5 v. used thermistors to measure actual breath
into a 10K-ohm load. Considerable interference temperature. In such a system the thermal
was noted because of RFS rotation. Several mass of the thermistor must be held to a
approaches to this problem were investigated, minimum and thermal heating due to circuit
The most promising one and the one which current must be minimized. An extremely
proved to provide an excellent ECG signal was small bead thermistor (VECO-%5A5) served
to put RF filters in both the positive and reasonably well for this purpose, but because
negative ECG leads from the aubject. of its size, presented packaging problems.

Finally the nose-clip type of probe was replaced
Respiration (fig. 11). Considerable effort by a modified oxygen face mask; all the oxygen

was expended to improve the respiration sys- intake hoses and valves were removed and a
tem. The initial system used a thermally plastic respiration channel installed. The com-
saturated thermistor in a bridge -6nfiguration plete repiratory flow passed through this

$SANBOCRN MEDICAL MONITOR

0 0 0 0 0 0 0 0

STRIP CHART PARALLEL INPUTS

1 A 3 4 5 6 7 8
0 6 0 000 0 0

SPECIAL CIRCUIT PANEL
OutputsO 0 0 0 0 0 0 0

Inputs 0 0 0 0 0 0 0 0

TM DISCRIMINATION PARALLEL OUTPUTS

0 0 0 0 0 0 0 0 0 0 0 0I 2 3 4 5 6 7 8 9 10 11 12

00 0 0 0 0 00 0 0 0 0

FIGURE 9

The patch panel arrangement at the operator's console.
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4 .7K.. r 35A5
STHLRMISTOR

Si•65 OUTPUT TO VCO

BALAt'EE 1K -270K1

FIGURE 11

The bae~o rupimum wonj u Oud ~tr dub.

channel with a minimum of effort. A standard with a very low level bridge excitation current4-pin Cinch-Jones plug was modified to mount and a Philbrick PP65AU differentai operation-
the thermistor in the mask and the threaded al amplifier to condition the respiration signal
segment of the plug was installed in the aide for the VCO input.
of the respiratory channel so that the therm.
ist,, was placed in the center of the air flow. Blood Pressure. The cuff method of in-TA, - 3a detachment and replacement easy. direct blood pressure recording was used

(fig. 12). The pressure bleed-off device was
To insure a minimum of heating due to developed by SAM. The pressure transducercircuit current, a special circuit was designed was Whittaker model P2.3186. The amplifier
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ACTUATOR

C3INPUT

SAM'S
BLEEDOFF CFG 

12DEVICE

24 VDC PRESSURM
TRANSDUCER

P2-3136

MIC b2l A BOARD VCO

FIGURE 12

T•e basic blood pressure •wwurisg circuitry.

was a Mennen-Greatbatch model 621A. The (ENG) (fig. 14). Two identical systems were
pickoff was a specially encapsulated XTAL designed and developed. The basic electronic
microphone. The mixer board was designed problems came from amplifying the extremely
to impose the Korotkoff sounds on the blood small eye potentials to a level for the VCO's.
pressure ramp and condition the resulting It was demonstrated that pure ENG signals
compound signal for the VCO inputs, could be received from the RFS when the sub-

ject and the RFS were stationary. However,
A special external BP trigger system was from the dynamnic data generated, it was

designed (fig. 18). This system consists of evident that RF energy and artifacts due to
an auto oscillator trigger input to a realistic motions of the subject presented serious prob-
TRC-6 transmitter. The auto trigger is re- lems in acquiring any meaningful ENG data.
ceived in the RFS by a modified walkie-talkie.
The RX output triggers a solenoid that ac- Cardiotachometer. A basic cardiotachom-
tivates the SAM bleed-off device. eter system was developed for the RFS. The

8-channel Beckman had no cardiotachometer
Special instrumentation capability and an Offner csrdiotachometi,-

amplifier was externally wired to the 3-channel
Electrony~itagmogram. The first parameter Beckman. This cardiotachomv'er requjred a

developed was the electronystagmogram high level ECG input as wo!'.d be availab!'.
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EXTERNAL B/P
TCIGGER BUTTON

TAIGGER BLEL.DOFF

TRC-5 SOLENOID DEVICE

FIGURE 18

The triggering circuitry for the blood presaure measuring intrs,,umntation.

M SUBJECT FILTER PP65AU --
COUTPUT

"> 1>TO VCO

FIGURE 14

The electrical circuitry for the developed electrenyatagmogram.

from an Offner preamplifier. Since the dis- whereby all three systems utilized the same
criminator output was not of this level, a small basic circuit (fig. 15).
pulse amplifier circuit was designed and devel-
oped. With work continuing in the area of en-

vironmental RFS control, some artifacts traced
to drift were evident in the temperature sys-

Limb girth. Work has begun on a Whitney- tems. An extremely high degree of accuracy
gage-type of limb girth system, designed be is required to yield meaningful repeatable data
meet RFS requirements. This effort will be of body temperature parameters. The overall
continued, system provided data well within 0.250 C. A

further improvement is difficult to realize be-
Temperature. Three temperature systems cause of the range of temperature and the

were developed-subject's skin temperature, his complex rature of the RFS instrumentation
rectal temperature, and sphere temperature- system.
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FIGURE 15

The clectrical circuitry for the temperature measuring system used.

S 1 - Cal. Mitch.

Re, - Lower CaL temperature resistor.

R02 - Upper Cal. temperature resistor.
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ADDENDUM I

THE MOTION O A ROTATING SPHERE UNDER THE INFLUENCE
OF A BODY-FIXED TORQUE

Note: The viscous torque of the air bearing is very small in compariaon to the
angular momentum (les than 1 per mille) for the considered spin speed and can be
overlooked.

+ _4.

Teminwlogy: A = Moment of inertia about spin axis.

B = Moment of inertia about X and Y axis.

,, = Angular speed about spin axis.

0, and 07 = Angular displacement about X and Y axee (nonrotating
space axes).

* and ,= First derivative with respact to time.

0x and e0.= Second derivative with respect to time.

T. and Ty = Torques about X and Y axes.

The torque due to the reaction system about both axes is equai to the gyro-proeseaon
torque plus the inertia torque.

B.; - + A.. - , T. X

B .,, - -Au - T, (2)

By multiplying equation 2 by j (V' 1 ) and adding both equations we arrive at:,

B(e. +Joy) +A.,,.(9--je) =-Tx+J.Tv

B (i + j i;) - jA .- (i. + j i.) = T, + S-T,

By calling the resulting angle E0 + je , =e and the resulting torque T. + j T,
we get

2.1



B.4'- j.A.•,.i=T

The torque T in our system turns with the sphere and can be expressed as a time

function, starting at the time zero about the X axis

T = T. [cos (,. t) + J sin (w,. t)]

T = To•- eJwst

The resulting differential equation:

B.' - j A. ,, w = To . ej,.t

For the starting conditions at t = 0: e = 0 and 9 = 0: if A *- B the solution for a is:

W- ) [ s (wt) + J sin (wt) -- 1 -.- - cs ( -!-t) +.. 2~~~~~ 
sin (-B / IA• s/si t)

If we separate the real and the imaginary values, we arrive at: s)

ez=. (Wt) -- ( - ý)- !.Cos "•

W,2 (A-B) \ - A"

s = in (Ws.t) --- -. Cin
.. 2 (A-B) B n

The resulting motion is a wrbble of the spin axis which opens up to a maximum cone
angle and then gets smaller again. The frequency of this pulsation depends on the
ratio A to B. If A = B = I, then the wobble continues to open up to a steadily
increasing cone angle.

Figures 1 and 2 show a calculated example of A > B up to the approximate
maximum openings.

Figure 1. Responses of a rotating sphere a. observed from the outside (earth-jized) as a result from inertia"ring input.

Conditions:

A = 55 X 106 CM. gin. e0C. 2

B = 0 X 1O6 Cm. gin. seC.2

T = RX 100 cm. gin.

= I = 10 rpm.

Directiou of original spin vector "Z."

Direction of torque applied "Y."
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Pllur 2. Responses of a rotating spers as observed from the outside (sarth-tixo) as a result from external
drive system input.

Conditions:

A -" 35 X 106 0M. g". 806.2

r -- lIOo -n

=., I" = 10 rpm.

Dire2. ion of torqueap •ierd "Y."
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ADDENDUM 2

RFS SYSTEM AND EQUIPMENT LAYOUT

The overall RFS system is shown in figure 1. The ball in as shown in the venter
of the figure with internal components defined. The external RFS console is presented
on the left-hand side of the figure. The lower center portion of figure represents
the basic air supply system.

Instrumentation Power Supply

BP Receiver & Solenoid Driver

Subject FH Intercom (Bj) Instrumentation Package
(54)

Telemetry TX (B4) Internal Control Panel
Medical (84)
Monitor BP Device (B4) o 4)
3 4) R• ata Gyro (B4a)

Control Rear KFS Door (B4 )S• Stick 0B3)

Passage to Rear RFb
Compartment (84)

IT I' Motor

Strip Patch Air Bearing Pedestal

Chart Panel

Control /"

Controle 
Hand Air

TM MX C Control Valve

System

Subject (B3)

Compressor- Jet Starter

Figure 1. Layout of entire system.
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Figure 2 is a view of the external control and instrumentation system as detailed
in figure 1. Figure 3 is a view of the subject fully instrumented and ready for RFS
operation. Figure 4 shows the composite arrangement of the RFS internal systems.

0.0

iooo*loom

Figure 2. Control recording and monitoring station.
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II

Figure 3. Fully instrumented subject in the RFS.
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Figure 4. Internal control conaole of the RPS.
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.6-III

B. Physiologic Activities

L INTRODUCTION applicable to some aspects of our study, but
could not completely predict the results we ob-

With the advance of present-day aerospace tained because the rates of tilt were not defined
technology, man is being exposed to a wide and the rotations were generally of short arc.
spectrum of accelerative forces ranging from A great deal of insight can, nevertheless, be
negative G and weightlessness to positive G derived from the results of the many variants
and to different combinations and variations of tilt table studies in understanding the cir-
of these. Needless to say, it is important to culatory response to slow rotation.
learn man's response to these stresses. This
study was undertaken to explore physiologic The Rotational Flight Simulator (RFS) is
responses to certain patterns of slow rotation, a vehicle that is capable of simulating various
where the center of rotation is through the profiles of rotation and the forces associated
iliac crest. with them. In the present investigation, blood

circulatory responses to rotation were studied
Many investigators have reported the hu- in 7 subjects at rates of 1.5 to 16 rpm in the

man response to fast rotations. Urschel and pitch and roll axis, with center of rotation
Hood (44) studied the circulatory and vestib- through the iliac crest. Preliminary study was
ular response to fast rotations (up to also done in 3 subjects on the effect of initial
120 rpm) through the long axis of the body ambient air temperatures of 380 and 12' --50 C.
in the sitting position. Performance decrement (3 subjects) and of 6-hour water immersion
and vestibular response were studied, by Usel- (1 subject) on the heart rate response to
ler and Algranti (45), in rilots rotated at rates 6 rpm pitch rotation. To investigate tolerance
up to 70 rpm about a resultant axis using the to and performance decrement resulting from
Multi-Axis Test Facility at NASA Lewis Re- random a-is rotation, 3 subjects were exposed
search Center (Cleveland). Edelberg et al. to a slow (4 -t 2 rpm) and fast (12 t 4 rpm)
(11, 12, 13, 52, 54, 65) studied, in both human random axis rotation.
subjects and animals, the effect of tumbling
head-over-heels and horizontally at fast rates It is hoped that the results and analysis
(up to 200 rpm) where the centrifugal forces presented will be of interest not only to ac-
a~cting in opposite directions through the body
column were quite large. The Penisacola Slow celeration physiologists, but also to those who
Rotatin wRoo hasiteren used tso a study per have studied heart rate regulation using con-Rotation Room has been used to study per- trol theory concepts (21, 26, 40, 51).

formance, disorientation, and adaptation in

response to slow rotation where the axis of
rotations was not necessarily through the body 11. SUMMARY AND GENERAL
(6, 8, 19, 20). CONCLUSIONS

The physiologic responk to head-over-heels Subjective feeling and objective measure-
slow rotation at constant rates or random axes ments both indicate that the human response
in men has not been investigated widely. The to random slow tumbling in the RFS is an in-
results of head-up and head-down tilt table teresting one. There is no question that the
studies dzne by many authors are, in a way, reflex mechanisms controlling heart rate are
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under continuously oscillating stimulation program were discussed in part A, "Safety
during slow rotation, Nor does any doubt Measures." The areas of direct concern to the
exist that the subjects, however experienced medical monitor and the investigators, dis-
they may be to centrifuge and other accelera- cussed here, were based in part on reasonable
tions, are disoriented to some degree on the predictions as to subject responses. In addi-
RFS when rotated at random axes. The precise tion, the test runs were performed sequentially
nature of the disorientation is not yet known from less severe to more severe experiments
or measurable, but preliminary estimates of and carefully observed at the physiologic and
performance decrement have been made with medical monitoring devices. In general, those
the RFS controls. Results show, first, that unpredictable safety hazards due to possible
improvement in hai-d!ing comes quickly with mechanical deficiencies or accidents were
repetitive training, and second, if random guarded against by continuous voice intercom-
tumbling is continued long enough, that dis- munication, TV observation, advance safety
orientation and performance impairment fol- precautions, and the safety drills. The specific
low. It is very doubtful that any person with safety hazards from the physiologic point of
intact vestibular apparatus could continuously view are listed in table I.
withstand the complex motions of the RFS
when set into random motion. So far as low rpm, short-duration flights

It remains to determine what the body's are concerned, only the following risks were

- tresponsemains tbdeterine what h r bd's considered: (1) vasovagal syncope with ad-

whether repeated exposure to many minutes of iionaor head-down position; (2) asphyxiation caused
low-speed rotation or high-speed rotation con- by haled vomitus; (2) f specialyof eaec-

fers greater tolerance. It is perhaps sufficient, by inhaled vomitus; (3) fire, especially of elec-

at this point, to indicate that the RFS and its trical origin; (4) broken restraint harness;

associaw ed equipment have been developed to (5) confinement due to blocked or jammed exit

the po'at of utility as a physiologic research hatches; (6) smoke fumes due to overheating;
tool, P~id that a start has been made on basic and (7) acid/alkali burns di e to damage of

investigations at the lower, short-duration storage cells.
spectrum of rotation.

Accordingly, safety drills and procedures
III. MATERIAL AND METHODS wer'. developed for rapidly halting the RFS in

Safety problems any desired position (thus preventing pro-
longed head-down and prone unconscious posi-

The operational and mechanical prepara- tions), and for rapid stretcher removal of the
tions for the safety of the subject in this test unconscious subject with or without oxyger

TABLE I

Potential safety hazards

Physiologic origin Vehicular origin

Asphyxiation Fir-

Fainting, unconsciousnes- Loss of restraint harness

Vascular accident t.. f"er.ient

Tissue injury S.noke or ha, cs

Impact injury IE.ectrocution
Self-inflicted injury Acid/alkali l'irns
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mask, tracheal suction, and artificial ventila- of the RFS site, indluding the subject instr• -
tion. Drills conducted at the start of the mentation area, physiologic and monitoring
program showed that the operating team could consoles, and the key personnel positions.
halt the RFS and remove an unconscious sub-
ject from the vehicle in 18 seconds from the Subject preparation
time an "emergency" was declared to the time
the subject was carried on a stretcher outside Seven subjects experienced in the centrifuge
the vehicle. The rate of rotation tested was were used in the different experiments per-
about 6 rpm. In all the experiments the sub- formed. Appendix 1 tabulates their vital statis-
ject was continuously monitored by TV camera, tics, and the complete experimental protocol is
2-way intercom system, electrocardiogram, tabulated in appendix 4.
heart rate, respiratory rate, and indirect blood
pressure measurement. The medical monitor The customary experimental procedure was
was always present during human experiments to request the subject to be at the RFS site
so that medlical attention could be given im- at least one hour before the run was scheduled
mediately to the injured subject. to start. The required attire was either sur-

gical "greens," or if not available, the suit
Safety equipment available in the RFS site trousers of his routine Air Force uniform and

included: (1) a pressurized ambient air supply a tee shirt. The ECG (electrocardiogram)
adequate for 12 minutes' use located near the leads, ENG (electronystagmogram) leads or
subject's seat; (2) minuteman respirator temperature probes (whichever were used for
(pressurized 02) and suction installed outside the particular experiment), and blood pressure
the cabin; (3) stretcher; and (4) fire ex- microphone and cuff were then applied in that
tinguisher. The medical monitor also had his sequenc :. The subject was strapped on to the
stethoscope and sphygmomanometer during the RFS seat by means of a harness that provided
experiments. An Air Force Medical Kit (con- support of the shoulders and chest cage, the
taining narcotics, sedatives, and intravenous waist, the hips and feet (see appendix 2). This
fluids) was always available for use during was followed by checking out and calibrating
an emergency. The medical kit, stored central- the telemetered signals, voice intercom, and
ly in the same building, was easily accessible. TV picture. A final vacuum cleaning and in-

spection of the RFS cabin was then conducted
Later, when high rpm flights become pos- by two personnel. The final check was given

sible, special attention will be paid to: (1) body by the medical monitor, who was present in
movements within the harness, especially to all the experimental runs. The door was locked
avoid tissue injury risk; (2) impact injury due and the RFS floated upon order from the phys-
to possible loss or breakage of restraint har- iologist to the different operatorQ' through the
ness; and (3) possibilities of vascular accident. intercom.

In case of vaoculikr t.-. cent it may be neces- Cardiovascular response
sary to screen the subjects and seek appro-
priate medical advice. In the experiment to study the cardiovas-

cular response, the telemetered data consist of
Equipment the ECG, indirect b~ood pressure, respiration,

X, Y, Z accelerometers, and a sinaie-channel
The development and operation of the dif- rate gyro, with the 8th channel of the strip

ferent instruments and equipment used in the chart recorder allotted for the cardiotachometer
RFS for these experiments are discussed in output. The external RFS drive tachometer
the engineering section of this report. Details also gave indication of rotational rate in one
of the technic of instrumenting the subject and axis. After going through the general pro-
calibration of the instruments are described in cedures for preparing the subject, a rest period
appendix 2. Figure 1 illustrates the layout of 10 to 15 minutes was given during which
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the subject was instructed to relax while con- Roll to the right and pitch forward were
tinuous recordings of his ECG and respiration tested at constant rates ranging from 1.5 to
were obtained. When the heart rate was 16 rpm in 7 subjects. The method of rotating
stabilized for 3 minutes, rotation of the RFS the RFS is described in the engineering section
was. started. of this report. Because of some imbalance of

FA

Q D 1

Normal subject
entrance hatch .position

Q%

normal rearo entrance hatch
position

0-0
K- 

3

FIGURE 1

RFS site layout and personnel positions: 1, electronics technician; 2, medical technician; 3, medical monitor,-
4, physiologist; 5, alternate position for external drive and jet starter operator; 6, ezternal drive and jet starter
operato.r; 7, RFS air compressor operator; 8, RFS technical foreman; A, amplifier bank for strip chart; S,
strip chart; C, Sanborn medical scope; D, RFS control console land subject TV monitor; E, fire extinguioher:
F, resuscitator and emergency 02; G, firs #xtinguisher; H, subject instrumentation area; 1, telophons; J, tel.-
phone; K, telephone; L, subject TV monitcr; M, RFS; N, fire eztinqguiher; P, giretcher.
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the RFS, the rotational rate below 4 rpm was was inside the RFS was 11.50 C. and in the
such that turning to the head-up position was other run (subject A.S.) it was 10.50 C. It
slightly slower than turning toward the head- took 4 to 6 hours to attain this low tempera-
down position. This slight asymmetry was, ture. After strapping-in the instrumented
however, not considered significant. The dura- subject, check-out and calibrating the instru-
tion of each rotation was 3 minutes and mentation, etc., the RFS temperature rose to
telemetered data were recorded continuously. 12.50 C. in the former and 11.50 C. in the latter,
Pre- and postrun blood pressures were taken. before actual rotation started. The subjects
Rest periods of 3 to 5 minutes were allowed wore shorts during these experiments and were
after each rotation during which the heart rate instrumented similarly as for the hot tempera-
of the subject stabilized and another prufile ture run. Subject T.S. was in the cool RFS
was chosen. For each session, one subject was cabin for 55 minutes and subject A.S., for
usually subjected to three different profiles, 60 minutes, before rotation was started. The
and then a rest period of 1 to 2 hours was per- profile in both runs was at 6 rpm, pitch forward
mitted, or another subject was used. for 3 minutes. The air-conditioner was de-

tached during the rotations and in the run with
Hot and cold ambient air temperatk.-s subject T.S., the RFS temperature rose to

15.5' C. and in the run with subject A.S. it rose

Preheating of the RFS cabin was accom- to 14.50 C. after the rotation. Physioiogic data
plished by installing two 1,650-w. hot wire recorded were identical to that recorded in the

plised y intalingtwo ,65-w. ot ire hot temperature runs. Subjects reported feel-
fan-heaters--one in the front chamber and hot t hr u t the roedure.
the other in the back chamber of the RFS. ing cool or cold throughout the procedure.
Heating of the RFS to 380 C. was achieved in
1 to 2 hours. The control and measurement of Water immersion
the RFS temperature are discussed in the
engineering section. The subject instrumenta- Subject J. N. was exposed for 6 hours to
tion used included: ECG, respiration, blood water immersion as a means of producing
pressure, skin and rectal tempera-cures, and orthostatic deconditioning. He was then tested
cardiotachometer. Vehicle instrumentation for 4 minutes at 6 rpm, pitch forward rotation
involved: Z accelerometer and pitch rate gyro to determine whether prior immerson caused
and the external drive tachometer. any major modification to the tumbling re-

sponse as compared to previous control experi-
The subjects were maintained in the RFS ment.

cabin at a temperature of 38* C. for 50 to
12 minutes, during which time the ECG, res- Water immersion was at 320 to 34.5' C. to
piration, indirect blood pressure, medial thigh a level covering the shoulder and with tem-
skin temperature, and rectal temperature were perature regulation determined by the subject's
recorded continuously. Sub: ?quently, the heat- comfort. During the 6-hour period he reclined
er was turned off and the subject rotated at comfortably within a water-impermeable suit
6 rpm, pitch forward for 3 minutes. Continu- used to prevent skin deterioration. He breathed
ous physiologic data were recorded during the air normally and was allowed to take a light
rotation and for 2 minutes after the rotation. lunch and beverage at midpoint. Periodic blood
Pre- and postrun blood pressures were recorded. pressure was taken. Both water intake and
The RFS temperature dropped by 1.50 to urine output were recorded.
36.50 C. in all three runs performed. Subjects
were sweating throughout the procedure. On termination of immersion, he was as-

sisted from the bath to a stretcher, carried to
Pre-cooling of the RFS was accomplished by the RFS, and assisted into the RFS after ap-

using a 24,000 BTU/hr. air-conditioner mated plication of the electrodes. Twenty-two min-
to the rear door of the RFS. In one run the utes elapsed from the time the subject came
temperature achieved before subject (T.S.) out of the bath to the time rotation was
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started. ECG, respiration cardiotachometer, components slower than 8 xpm. Appropriate
prerun and postrun blood pressure, Z ac- rotational patterns were accomplishtd by
celerometer, and pitch rate gyro were recorded energizing a randomly chosen inertia xing
continuously, whenever the RFS moved too slowly, and by

hand-braking whenever it moved too fast.
Performance decrement and disorientation

Rotation was scheduled to last for 2, 4, 8,
Three subjects were used for this experi- 16, and 30 m'nutes and the ability to right the

ment. The subjects were instrumented for RFS was measured after stopping the RFS at
ECG, respiration, indirect blood pressure meas- the "right side" or "head-down" position (de-
urement, and lateral and vertical nystagmus. pending on the subjects' learning experience).
X, Y, and Z accelerometer and rate gyros1 were All experiments went to completion unless the
used to monitor RFS position and rotation rate. subject complained of symptoms of nausea.
In one subjeAt, a learning curve was obtained Sweatiness and subjective symptoms of dis-
for righting the RFS from the "right side" orientation were reported and recorded when-
position by means of the internal "joy stick." ever they were present.
In the other two subjects, a learning curve was
obtained for righting the RFS from the "head- IV. RESULTS
down" position. The RFS was first positioned
in the initial position desired (on right side or Cardiovascular system
head-down). The RFS was then floated and For this set of experiments, the rotational
the subject in the RFS was instructed to bring rates were held constant and the initial ac-
the RFS to the upright position by means of celerating and final decelerating were held to a
the internal "joy stick." When the RFS had low level to avoid possible disorientation. With
come to the upright position the RFS was then this kind of profile, there was no reporý from
set down, and the time required by the subject any subject of any symptoms that were in-
to reorient the RFS (called "righting time" terpretable as motion sickness. The subjective
hereafter) was recorded. Each subject re- feeling af tin headovrhe su not

ceived as many trials as were required to get feeling of tumbling head-over-heels was not

utime." objectionable to the subjects at the rates
a consistent minimum 'ighting titested. The sensation of facial congestion and

The experiment consists of rotating the of fullness of the head when going through the
head-down position was more intense in the

subjects using random axes introduced ex- lower rates of rotation of 1.5 to 4 rpm, gradual-
ternally by energizing the inertia rings. Two ly reducing as the rotational rate was in-
sets of profiles were used: (1) a "slow random" credcind as m inal at 12 in-
rotation at 4 ± 2 rpm, and (2) a "fast random" creased, and was minimal at 12 to 16 rpm.
rotation at 12 -h 4 rpm. In tumbling of this Tensing of body musculature when the subject
kind, the axis of rotation changes with no well- went through the head-down position was
defined pattern and the rotational rate in each minimized when the subjects were repeatedly
axis wavers, so that an exact char'cterizzttion instructed to stay relaxed and when they had
of the rotational profile is very complex. In gained experience.
Lte slow tumbling profile at 4 ± 2 rpm thbi The heart rate response occurring duringThesubjectraxisrandoatenoctimeiwereuall
rate of rotation never exceeded 6 rpm in any the first 40 to 60 seconds was not used in the
X, Y, Z subject axis and at no time were allRFS
X, Y, Z components slower than 2 rpm. In the analerat tois wal desied when thefasttumlingproile t 1 ± 4rpmthe ate accelerated to its final desired rate and thefast tumbling profile at 12 -t 4 rpm the rate subject was "adjusting" to the rotation. Gen-
of rotation never exceeded 16 rpm in any sub- ect w as " ati the rtion.aGenjectaxi an atno ime ereallX, , Z erally, the heart rate changes, particularly
ject axis and at no time were all X, Y, Z bradycardia, was more pronounced at the first

rotational cycle (fig. 2A). Figure 2B shows
'Owing to channel limitation, accelerometer and rate gvros were the heart rate response at the end of a rota-

used alternately in different experiments. Usually the 4 channels
chosen were 3 ra e synt t and Z UclelteoCetel. tion. To study the remainder of the flight, the
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instantaneous heart rate responses for each of "vagal escape" are consistently seen in dif-
rotation are superimposed one over the other ferent subjects, particularly in the slower rates
to show variation of the response from cycle of rotation as depicted in figure 4.
to cycle. There were three general types of
heart rate response observed in the 82 rota- Figure 5 illustrates type III response, which
tional profiles studied. is shown here at 15 rpm, pitch forward. It is

seen that the cycle-to-cycle heart rate response
We call type I response, the response where (fig. 5B) does not appear to correlate very

the heart rate plotted from cycle to cycle well with the body position. This type of
showed minimum amount of scatter. Thre" response was observed in those cases where
representative plots of these are shown in the half cycle period of the rotational rate
figure 3. In each plot, six rotational cycles approached the maximum heart period. If we
were picked at random and the corresponding average these heart rate values, we see a
instantaneous heart rates plotted. Superim- correlation with the body position (fig. 5A).
posed also is a sine wave to indicate subject
body position, where 900 corresponds to the The difference in the characteristic of the
subject being in the head-up position, and 2700 cardio-acceleration and cardio-deceleration re-
corresponds to the subject being in the head- sponse can also be seen in a plot of the phase
down position. First to be noted is that in difference between the averaged heart rate
spite of some degree of scatter in the points maximum relative to the 900 position, and the
plotted, there is unmistakable tendency of the average heart rate minimum relative to the
heart rate to "track" the body position curve. 2700 position as a function of rotational fre.-
A comparison of plots from different subjects quency (fig. 6).2 A rotational rate dependence
and different rotational rates reveals varying of these phase angles can be readily seen. The
degrees of scatter but this "tracking" property solid points in each plot correspond to phase
of the heart rate response is always obvious in relationship of cardiac acceleration. It is seen
the type I response. Second is the more that the maximum heart rate lags the 900
giadual increase in the heart rate when the position and the lag gets larger as the rota-
subject was going through the 900 position and ticnal rate increases.
the more rapid cardiac deceleration when going
through the 2700 position. Also notable is the The phase relationship of cardio-decelera-
phase relationship between the heart rate max- tion in each plot is represented by the group
imum and the 90' position, and between the of clear points. Not only is there less lag in
heart rate minimum and the 2700 position. the heart rate niinimum relative to the 270'
This is analyzed later. Type I response was position, but at the slower rotational rates the
seen in all the subjects and all rotational rates heart rate minimum could occur at the 2700
except in a few of the slow rpm (type II) and position, or lead the 2700 position. Again sub-
fast rpm (type i1). Like most physiologic ject-to-subject variation was seen, but in all
phenomena, a variation of the heart rate re- subjects tested, a similar direction in the rnta-
sponse from subject to subjeet was seen and tional rate dependence was seen, and the cardio.
this will be appreciated by exiAmining fig- deceleration points were closer to the 0 degree
urma SA, B, and C. phase angle than the cardio-acceleration which

tended to lag more (examine figures 6A, B, and
Type II response is illustrated by figure 4. C). Figure 6D plots the averaged phaze angles

It is seen that there is more scatter in the of cardio-acceleration and cardio-deceleration
heart rate response. This type of response as a function of rotational frequency.
was seen in some cases when the rotational
rate was quite slow. Figure 4 illustrates this 'We have potted phase relationship of cardio-isaelertion and

response at 1.5 rpm. In spite of the greater cardio-deceleration and the difference between heart rat* maximurn
and minimum as a function of rotation frequency , y for the sake

amount of scatter in the points, however, the of dispayiv data in a convenitnt way. In fact, we know that the

correlation with the body position is still heart rate control system is a nonlinear system (2. 81. It appear,,.
though, that we can learn something about the system we have

evident. In the head-down position, instances at hand by plo.ting these "paeudo-Bfode" 4 ,iaams.
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As may be expected, it was found that the The changes ,f the ECG pattern during slow
differences between the averagod heart rate and fast random rotation are very strikingly
maxima and minima (A HR) were greater dur- illustrated in C, D, and E of figure 9.
ing rotation than when nct rotating. Fig-
ures 7A, B, and C illustrate the maximum and Hot and cold temperatures
the minimum heart rate as a function of rota-
tional rate in three different profiles. The The results of the hot and cold runs are

averaged heart rate before the rotatio' -.nd summ'arized in table IV. In the hot tempera-
during the rotation is a'io represented by the ture runs, the subjects during the exposure

solid line and dotted line, respectively. The sweated moderately after about 20 minutes

variation from subject to subject is evident by of expcsure. The rise of about 30 C. in skin

examining closely the three graphs presented. temperature indicates marked degree of

In general, the A HR tend to be greater in the cutaneous vasodilation. The heart rates

slower rotational rates as revealed by figure 7D showed a rise of about 10 beats per minute
which is a plot of the averaged a HR during before rotation was started. In general, the

rotations as a function of rotational rate. heart rate variations relative to body position
at 6 rpm, pitch forward were essentially similar
when subjects A.S. and T.S. were exposed to

Tables Ha and lIb tabulate, respectively, 380 C. as when the temperature was at 25" C ;
the average heart rates in the roll and pitch both showed a type I response. The response
axes before, during, and after rotation. Ex- of subject J.N. showed more scatter in the
amination of the heart rate values show that heart rate response from cycle to cycle than
in the majority of cases (85%) the heart rates in the control run, especially in the onset of
immediately before and after (within one min- bradycardia.
ute) were higher than during rotation. The
average heart rates before, during and after When the RFS was pre-cooled, the subjects
rotation were 88.8, 80.9, and 86.5 beats per felt chilly and intermittently experienced very
minute, respectively, mild shivering of the hands and legs. The skin

temperature showed a drop of 3.10 in subject

The blood pressures taken immediately be- T. S. and 2.50 C. ir. gubject A.S. In subject

fore and after each run are also presented in T.S. after 55 minutes' exposure to cold

tables Ila and IIb in the roll and pitch axis, the heart rate showed a drop of 8 beats per
Srespectively. It is evident that there was no minute; whereas, it dropped by about 12 beats
reproducible trend either inat e systolic or per minute in subject A.S. When the "cold"rpastolic level. The blood pressure after the temperature" runs are compared with the "nor-
run at times was higher than the prerun level, mal temperature" runs under otherwise equal
at times unchanged, and at times lower, conditions, the bradycardia (relative to 270'

position) apparently occurred earlier and was
more variable. The indirect blood pressure

The ECG tracing also changed as a resuit readings before the hot or cold exposure and
of the rotation in both the pitch, roll, and before and after rotation were apparently un-
random axes rotaton. Most outstanding was changed.
the change in the QRS complex amplitudes.
In figures 8A and B are plotted the R wave Water immersion
amplitude variations as a function of body
position during pitch and roll rotations in sub- Within the bath, the systolic blood press. ",
ject T.S. at 6 rpm. Actual ECG tracings during was 98 to 110 mm. Hg and diastolic betwten
pitch, roll, and random axes are shown in 50 and 76 mm. Hg. In air on the stretcher, the
figure 2 qnd figure 9. The variation is dif- value was 110/58. When subject took the erect
ferent ir, ýhe pitch, the roll. and the random position in the RFS, values rose to 125/75
rotations, ,,ýifferent from one subject to an- (control value 120/80). The blood pressure
other, but rt:producible for the same subject. after tumbling was 106/80 (see table IV).
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The heart rate within the bath waai stable Subject A.R. The learning curve depicted
at 74 to 76 beats per minute, rising to 88 as by figure 12A for subject A.R. reveals more
the subject anticipated leaving the. water. scatter than that shown in figure 11A. The
When subject was lying on the stretcher, the average of the "righting time" from the head-
rate rose to 84. On raising himself to the erect down position for the 5th to the 11th trial is
posture, the heart rate rose to 100 beats per 28 seconds. After slow random rotation for
minute. The effect of tumbling after immer- scheduled durations of 2, 4, 6, 8, and 16 min-
sion ;" shown in figure IOA; figure 1OB shows utes, the ability to right the RFS remained in
the response to the same profile without the range of the control levels. When this
previous immersion. The difference in the duration was scheduled to extend S0 minutes
response in this one subject is very striking, in two trials, the subject experienced nausea
The average peak-to-peak heart rate difference after 27 minutes of rotation in the first trial
while tumbling after water immersion is and the RFS was stopped in the upright posi-
50 beats per minute as compared to 20 beats tion. In the set,.1nd trial he reported to be

-:: minute without water immersion. The confused and disoriented after 30 minutes'
maximum heart rate lagged the 900 position tumbling. It took him 45 seconds to bring the
by 60' in the control but only 30' after water RFS to the upright position from the head-
immersion. The minimum heart rate lagged down position. The RFS was actually still
the 2700 position by 20' in the control run, tilted after 45 seconds, but for fear that the
whereas during rotation after water immer- subject might experience nausea if allowed to
sion the minimum heart rate had a lead of 600. control the RFS further, the run was then
The heart rate after rotation was 94 and during stopped. In the first trial when nausea was
rotation it averaged 74 beats per minute. reported, the run was stopped and the subject

not allowed to control the RFS. With fast
random tumbling, the subject in two trials

Disorientation and performance decrement experienced nausea after 3 minutes of tumbling
in the first trial and "queasiness" of the

Subject E.O. Figures 11A, B, and C show, stomach also after 3 winutee of tumbling in
"rescipefvly, thc, learning curvf,, the effect of the second trial (figures 12B and C). In both
random tumbling at slow (4 ±- 2 rpm), and the trials, the subject was stopped in the head-up
effect at fast (12 :t 4 rpm) rates for different position and not allowed to right the RF S.
durations in subject E.O. After four trials
the subject was able to right the RFS in Subject J.N. Figures 13A and B depict,
5 or 6 seconds from the "right side" position respectively, the learning curve and the
using the internal "joy stick." In figure 11B "righting time" after fast random tumbling of
is seen an increase to 8 seconds in the time the a thi "d subject. Nausea was experienced after
subject required to right the RFS, after 14 minutes of tumbling in the first trial and
16 minutes and 30 minutes of random rotation after 15 minutes in the second trial. The onset
at 4 ± 2 rpm. The subject reported momen- of nausea as experienced by subjects J.N. and
tary "confusion" when the RFS was stopped A.R. was characterized by a sudden onset and
after the 30-minute rotation but regained his associated with varying amounts of sweatiness,
orientation in a few seconds. Figure 11C il- momentary disorientation, and slight headache.
lustrates the result after the fast random rota-
tion at 12 ± 4 rpm. The time required to Nystagmnogram. Representative tracings of
right the RFS was consistently longer than the eyeball movements as measured by our
control levels, and when the duration of tum- nystagmogram channels during random rota-
bling was 8 minutes or longer there were con- tion are shown in figures 14A, B, C, and D. As
sistently signs of increased sweatiness and can be seen, the waveform is complex, showing
momentary disorientation. The duration was a fast frequency gawtooth-like waveform su-
not tested at longer than 20 minutes of fast perimposed on a slower frequency waveform.
random tumbling. The arrow at figure 14A 'ndicates one of

45

I



I

FIGURE 6

Phase relation of heart rate mazitum to 90" po-etion and of heart rat6 -ninimum
to 270" position as a function of rotational rate. A. Subject T.S. B. Subject AJS.
C. Subject E.O. A--,A heart ratd maxtmum ph"o angle in -i h rotation.
Q-Q heart rate minimum phace angle iri pitch roation; *---- hear't

rate -axitutn phaeo angle in roll rotaticrn: _---0 heart rate minimum pkaee
angle in roll rotation. Negative angle correspowis to a lag and positivi angle to a
lead. D. Averaged phase angle of heart nvtc maximum A- A and of heart
rate minimum 0- 0 . Number of ,ubjects tested and cycles counted are
identical to thuse given in figure 7D.
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several instances when subject A.R. reported RP to the foot level, which in our example is
subjective nystagmus. The tracings, obtained caiculated to be 58 mm. Hg when taken in
immediately during and after random rotation the seated position. As the subject rotatea
when subjects A.R. and J.N. complained of through the Y or X axes, the Z axis component
nausea and tumbling was stopped, are depicted will change as a sine function as indicated in
in figures 14C and D. For comparison, ref- figure 15G. As illustrated, the head hydro-
erence may be madr, to figure 2 (appendix 2), static pressure variation lags the foot variation
which showe a tracing of lateral nystagmus by (1800 "' where 0 is due to the subject's
(with eyes closed) obtained after stopping being in tkie ted position. The circled line
15 rpm yaw rotation in 11/2 seconds. in figure 15G corresponds to body position of

subject.
V. DISCUSSION

Cardiovascular system In summary, in the 900 position because of
the hydrostatic pressure change, there is a

The type of heart rate response obtained in tendency for the arterial pressure ir. the carotid
our experiments is probably due to a combina- sinus to fall and for blood to pool in the lower
tion of different factors. In the low rates of extremities. In the 2700 position, th~ere is a
rotation used in this study, the predominant tendency for an increased pressure in the neck
force field that the subject experiences is area and for increased venous return from the
earth's gravitational field. At the maximum lower half of the body. The effect of these
rate of 16 rpm. the centrifugal force component potential hydrostatic changes on thc pumping
at the neck level (from the center of rotation) action of the heart will be discussed shortly.
is less than 0.2 G. This study is, therefore,
different in its implication from studies at high
rates of rotation where the centrifugal force As mentioned earlier this is a simplified
approaches and exceeds 1 G. Under our experi- model, where we have assumed that the ref-
mental conditions, the cardiovascular response erence point is the same for the head part and
would be mcstly secondary to the hydrostatic leg part of the body, and that this reference
pressure gradient variation felt along the body point does not shift. In fact, evidence has been
column brought about by oody rotation through published to show that in the anesthetized dog,
an axis perpendicular to earth's G field, and the head part and leg part of the body may
the attendant physiologic reflexes and re- behave like separate hydrostatic compartments
sponses brought about by this variation, and so may have different hydrostatic pressure

reference points (7, 57) ; also that the reference
Figure 15 illustrates a simplified model of point in human subjects may shift to some

the hydrostatic pressure values along the blood degree during changes of position (1). This
column. The reference point (RP) is here as- shifting of the reference point may be caused
sumed to be at about the diaphragmatic level by a nonlinear pressure-volume curve ot the
of a man 67 inches in height. As before, we call blood vessels or a time-dependent vascular im-
the uprigkt position the 900 position, and the pedance. The latter could be due to reflex
head-down position the 2700 position. We as- mechanisms brought about by postural
sume the mean arterial pressure at the ref- changes. In spite of this complication, the
erence level to be 100 mm. Hg (see figure 15A) hydrostatic pressure variation will follow in
and the venous pressure to be 2 mm. Hg (see a general way the type of variation we have
figure 15B). In the 900 position, the pressures assumed in our simplified model, provided that,
in the neck level will be less by an amount if there is a shift in the reference point, it is
equal to the hydrostatic component from the small and has the same frequency as the rota-
RP to the neck level, which in our example tion of the subject. It is hoped, nevertheless,
would be -26 mm. Hg. The pressures in the that the model presented would be useful in
foot level will be augmented by an amount visualizing the events occurring secondary to
equal to the hydrostatic component from the an oscillating G force.
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TABLE Ha

Average heart rate8 before, during, and after rotations in the roll axis

RPM

Subject 2 4 6 8 10 12 14 16

90 92.8 85.2 98.9 82.8 - 87.8 90.0

J.N. D* 84.5 78.7 76.8 75.21 72.4 - 78.4 79.0

A* 89.2 90.8 89.4 98.35 92.6 - 86.7 88.6

B 93.8 91.9 95.2 90.5 - 82.4 90.0 96.0

E.O. D 83.7 86.0 82.5 80.1 - 81.6 89.5 90.9

A 93.1 90.8 86.1 87.3 -. 93.2 92A 98.8

B 101.8 99.8 98.5 101.2 92.9 97.8 -- -8
A.R. D 92.2 90.7 91.1 92.2 90.0 92.1 --

A 106.6 100.0 98.0 99.3 100.0 99.0 -- --

SB 105.8 100.2 ý04.7 97.8 114.5 99.2 -- 87.0

A.S. D 97.0 93.6 79.9 93.5 86.7 82.8 - 88.4

A 102.9 104.8 98.2 97.1 - 84.0

B 57.8 59.4 58.1 - 96.4 84.8 88.7 -
T.S. ! D 56.7 60.6 54.7 -- 79. 75*0

A 63.5 55.8 50.8 - 82.4 95.6 92.1

B.8 93.4 91.0 72.2 81.8-

R.D. D 89.2 80.7 76.7 71.6 69.7- -

A 84.0 87.9 33.6 78.5 76.4 - -

B - 89.0 92.6 88.6 83.0 87.0 - -

V.R. D - 81.6 77.5 76.7 81.9 81.0 - -

A - 88.8 91.0 90.7 88.2 81.2 - -

OB - Before rotation.
D - During rotation.
A - After rotation.

tRevolutiona per minute are midpoint rotational rate of elm Inte.vals as explained In ILetd of fig#ure 7D.
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TABLE IMl,

Average heart rates before, during, and after rotations in the pitch axis

S u b ject R P M f . . . . .
2 4 6 8 10 12 ] 14 16

) B* 91.4 84.6 89.3 91.3 91.4 85.9 93.6 -

J.N. D$ 77.5 71.5 69.4 73.2 73.0 73.0 75.4 -

A* 93.9 81.1 88.0 89.1 87.0 87.7 87.0

I B 96.1 95.9 98.4 91.2 - 92.0 86.7

E.O. D j 86.6 85.4 84.9 83.4 - 80.5 794-

A 98.61 9. 91.5 89.3 - 83.8 801 -

j B 93.2 j 87.2 92.1 86.1 - - T--
A.R. D 76.4 71.5 75.3 75.6 -

A,0.6 75.7 80.7 85.7- -

B 102.2 92.6 93.4 110.2 110.4 99.5 - 97.7

A.S. D 100.2 86.6 81.9 99..) 97.8 112.6 - 107.5

S 98.0 92.0 89.9 113.3 96.2 1C6.5 97.6

B 101.6 71.5 80.2 68.0 60.4 - 63.1 50.0

T.S. D 81.6 74.6 69.1 73.- 70.- 50.6 50.5

A 81.2 76.6 69.5 58.4 5-5.3 - 52.1 48.0

B 10. 92.6 734 10.2 11. 9. - 97.7

V.R. D :. 78:.1 7 .5

A - 81.9 $2.8 ....

B -- Before rotation.
D - During rotation.
A - After rotation.

tRavolutions per minut4i are midpoint rotational rate of cias Intervals as explained in leaend of figure 7D
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TABLE 1I1a

Blood pressure values before ard after rotationi, in the roll axis

RP t BP
Subject 2 4 6 8 10 12 14 16 readfng

Pre- 130 125 125 105 120 125 115 So

run 80 70 75 70 75 - 70 76 D*

Post 125 120 105 130 105 - 115 - S
run so 75 70 80 70 - 75 - D

' Pre- 125 135 125 125 - 110 115 110 S
run 80 75 75 75 - 80 75 70 D

E.O. Post- - 125 125 120 - 110 115 125 S

run - 80 75 70 - 70 75 80 D

Pre- 110 1156 105 110 120 120 - - S

run 70 70 75 60 75 75 - - D
A.1L

Post 11r 130 115 110 120 120 -- S
run 70 70 70 1 70 75 70 - - D

Pro- 130 130 180 - 135 13U - 140 S

run 86 76 70 - 80 80 - 70 D

Post- 130 135 140 130 130 135 - 140 S
run 70 65 70 75 70 70 - 80 D

i Pre- i15 110 110 110 125 180 185 - S

T.S. run 65 65 80 70 80 s 70 - D

Post- 115 115 110 120 115 130 135 - S

run 75 75 65 75 70 80 80 - D

Pre- 110 - 120 125 125 105 - - S

rM 70 - 75 75 75 75 - f- D
R.D.

Post- 130 125 125 110 105 120 - - S
run 80 80 70 76 75 80 D - D

Pro- - 185 125 130 -- 125 8

run 65 80 70 - 70 - - D
V.R. -

Po1 - 125 125 185 125 125) run - 75 75 70 70 70 - - D

D -- DI~~im..

timevoatiow pw mlants w midpoint rotational raw of alaw intetrvals ezpI.lal In U of fily! 7D.
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TABLE Il1b

BI&O, pressure values before and after rotations in the pitch axie

_______ RPMt _ __ BP
Subject2 4 6 8 10 12 14 16 reading

Pre- 130 115 110 110 120 115 125 - SO

run 70 75 80 75 80 80 70 -

J.N.
Post- 110 110 115 115 125 - 115 - S

run 80 80 80 80 70 - 70 - D

Pre- 115 115 115 105 130 110 115 - S

run 70 75 65 80 85 80 75 - D

P03t- 120 115 105 120 125 120 115 S

run 65 75 80 70 75 75 75 D

Pre- 130 115 115 180 130 128 120 - S

A.. run 65 65 70 75 80 80 75 - D

Post- 120 105 115 125 130 130 120 - S

run 70 60 70 70 75 80 75 - D

Pro- 120 125 120 120 125 130 - 120 S
Srun 70 80 80 85 30 80 - 90 D

Post- 120 115 115 125 130 130o 125 S
run 80 70 75 80 80 70 - 80 D

Pre- 140 125 135 140 - - 115 120 S

T.S. run 75 75 75 85 - - 75 75 D

Post 130 180 130 - 124 115 125 S

run 70 75 75 -• 15 so 75 D

Pro- ISO 120 110 . ... S

run 75 75 75 -.. 
D

Post 125 110 110 - S
run 75 75 75 . .. D

-systolue

D - Diastolic.

t~"Olutions per micuts an midpoint rttonsi n. q knms intevals a eexpWoed in tejnd of filurs ID.
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FIGURE 8

Slectrocardiogram R wave amplitude plotted from cycle to cycle as a function of
body position in subject T.S. wnile rotating in pitch and roll axis at 6 rpm. As usual,
sn wave corresponds to G force in caudal portior of bod.r -pith maximum Poin ;• ,.when
in the head-up position, and m~inimum in t.s heaj.1own . .. ition.
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FIGURE 9

Electrocardiop'am tracing frors •etual ez•perimet. a, Subject V.R. in roll axia
rotation at 10 rpm. b, Subject E.O. in, pitch axis rotation 1 7 rpm. e, Subject E.O.
during slow random rotation. d, Subjece E.O. during fast ra., -t rotation. e, Subject
A.R. during slow random rotation. Arrows in a and b indicate head-down position.
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TABLE IV

Summary of hot and cold environment and of water immersion ezperiments

Sequence RPFS temp. Time of Skti RecF Heart
Subject Conditions of eents V"C.) exposure temp. temp. nte BP

(mtn.) ('C.) ('C.)

I - - 88.6" 86.8" 60.6 110/70

Hnt II 88" 50 86.8" 86.8" 71.9 110/75

environment III - 8 - - 67.7 -

IV 86.5" - 86.9* 86.8' 76.2 110/70

T.S.
I - - 34.1" 87.1" 60.0 115/70

Cold II 12.5° 55 81.0' 87.0' 52.0 115/65

environment III - 8 - - 52.4

IV 15.5" - 80.5' 37.0' 48.0 110/85

I - -- 84.0' 87.1' 86.0 110/70

Hot II 88' 68 36.4* 37.8' 96.6 110/75

environment III a 8 -- 80.6 -

IV 86.5' - 86.6' 37.45" 95.8 110/80
A.S.III II

I - 85.5 5" 82.0 120/80

Cold II 11,5' 60 31.0' 37.85' 70.3 115/80

environment III - 3 - 1 75.2 1

IV 14.5' - 8.00 87.5- 65.2 112/80

I - - 84.0' 87.6' 72.0 115/80

Hot II 38' 72 86.4' 87.62' 88.4 110/80

environment III - 8 - - 70.4 -

IV 80.5" - 86.5' 87.62' 85.1 110/75
J.N.______

- I - - - - 82.1 120/80

Water U 25' 860 - - 100.0 110/75

immusion III - 4 - - 77.7 -

IV 25' - - - 94.0 106/80

'1 - 3.do•,r, •PSUm.

m - 3Dmw reams.

IV - After zobmt.
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A. Heart rate response of subject J.N. during 6 -pm, pitch forward rotation 22 minutest after $-hour
water immersion. B. Heart rate response of same subject to same profile without previous water immersion.
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FIGURE 11

A. Time required by subject E.O. to brtng back RFS to upright position ("righting
time") from initial position of RFS on the right side are plotted against trial numbers.
B. "Righking time" plotted as a function of duration of random tumbling at slow rate.
C. "Righting time" plotted as a function of duration uf random tumbling at a fast rate.
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30

FIGURE 12

A. "Righting time" plotted against trial numbers itn ubject A.S. righting RFS
from head-down position. B. "Righting time" plotted as a function of duration of
tumbling at a slow rate. C. "Righting time" plotted as a function of duration of
random tumbling at a fa.t rate. Arrow# indicate time when queasy stomach or nausea
was experienced and tumbling was discontinued.
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FIGURE 13

A. "Righting time" plotted against trial numbers in eubject J.N. righting RFS
from head-down position. B. "Righting time" plotted as a fnction of duration of
tumbling at a fast rate. Arrows indicate times uwhen queaeinees of stomach or nauAea
was experienced.
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FIGURE 14 '

A. Lateral and vertical nystaginogram tracings ehown with three channela of

lo• rorwter in the roU (X,), pitch (su), and yaw (ZA) axs in •bjct A.R. during
reporm te•bling at a slow rate. Arrow indicates ome of several occasion. whea subject
reported subjective systagmus. B. Sarme as A shown with three channel# of rate gWroo
corresponding to roll (Xj), pitch (Yjg), and yaw (Zj) in subject E.O. during random
tumbling at a fast rate. C. Sante subject and experiment as in A during the latter
part of 57 minutes of slow random tumbling. Nausea was experienced and so the RFS
was stopped and RFS door opened immediately. D. Subject J.N. random tumbling at
fast rote, showing output# of tAree channels of accelerometer, lateral and vertical
nyetagmogram. Subject was sick after 15 minutes of tumbling and RFS was stopped. 3
Observation for possible nystagmus was continued, tracings of which are shown here.
Sharp spike. in the vertical nystagmoigram channel correspond to eye blinking.
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The actual pressure variation and the actual the arterial pressure reduction felt at the
shift of blood volume secondary to this poten- pressureceptor sites-secondary to blood pool-
tial variation of hN -rostatic pressure are very ing in the lower half of the body. This lag
hard to ascertain. We cannot yet measure may be due to a complex interrelationship of
blood pooling during slow rotation, but from blood vessel impedance, blood fluid inertia, and
studying the initial responses (first few sec- reflex vasoniotor responses. Changes in
onds) seen in tilt table and postural change peripheral vascular resistance secondary to
studies (1, 50, 51, 57) it may be assumed that postural change probably occur in slow rota-
in the slow rotation we performed, blood qhift- tion, since the response time of the changes
ing occurred. It is generally accepted that in of vessel is about 0.6 to 1.2 seconds (41).
tilt table studies (tilting to the head-up or
head-down position), the shift in arterial blood In contrast, cardio-deceleration is a more
volume is minimal, but the shift in venous blood rapid process; there is a smaller phase lag in
distribution could be considerable in view of the bradycardia trough (relative to the 2700
the greater distensibility of the veins (4, 15). position) which sometimes leads the 270' posi-
Moreover, the distensibility of the veins caudal tion, and this lag gets larger with increase of
to the heart are probably greater than that rotational frequency. This complex response
rostral to the heart. If this is so, the variation again is probably due to a combination of dif-
of cardiac filling during rotation would be ferent mechanisms: (1) The known dominance
dominated by the effect of the cyclic "pooling" of vagal influence on the heart rate control.
and "collapsing" of the veins of the caudal (2) A response characteristiL of the vagal
portion of the body. The changes in the car- system and the accompanying inhibition of the
diac filling bring about corresponding changes sympathetic impulses, in which our results im-
in the cardiac output (Frank-Starling mecha- ply a shorter response time of the composite
nism). The heart rate oscillation, therefore, is cardio-deceleration response curve. (3) Greater
probably due to the arterial pressure changes pressure stimulus,, sensitivity of the carotid
brought about by the changes in cardiac return, sinus in response to the unaccustomed head-
and to the changes in the hydrostatic pres- down posture. (4) Th, resultant interrelation-
sure component per se felt at the carotico-aortic ship of blood vessel impedances, blood fluid
sinuses level. Both factors would give a heart inertia, and reflex vasomotor responses (going
response in the same direction, but a dif- in the opposite direction to that induced by the
ferentiation of the effects of each factor cannot 900 position). The points enumerated here
be made in the experiment we have done. necessarily overlap because our knowledge of

the system is incomplete. The complex con-

The frequency dependence of the heart rate bination of these factors resulting in the

response to rotation is a complex one. We synthesis of the type of heart rate response

have seen that cardio-acceleration is a gradual observed indeed defies present analytical tools.

process, that there is a lag in reaching the The fact that the subject was in the sitting

maximum pulse rate (relative to the 90' posi- posit:on, with the foot in front of the heart

tion), and that this lag gets more pionounced vertical axis tl.at forms about a 30' angle with

as rotational frequency is in:reased. These the body axis (see figure 15), may con'ribute

characteristics are explained here as being due to a delay in heart rate maxima and minima

to a combination of diffeent factors: (1) A relative to body position; but this alone will

response characteristic of the sympathetic not account for the frequency dependence ob-

system and of the accompanyirg iynergistic served.
depression of vagal impulses, because of a
decreasing pressure in the carotid sinus level. A knowledge of the instantaneous blood
Qualitatively, our results imply a longer time pressures in the different parts of the cir-

constant of the cardio-acccleration response ciatory system would be most important in

curve as compared to cardio-d2celeration re- analyzing further our results, but the technical
sponse curve. (2) A lag in the occurrence of difficulties of doing this in the RFS at present
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FIGURE 15

Simplified model of hydrostatic pressure variation sec^n, dary to rotation in an
axis perpendicular to earth's gravitational field is illustrated here in the pitch axis.
In A, B, B, and F are indicated the expected mean arterial pressures (A and B) and
venous pressures (B and F) in the neck, diaphragm, and feet level, when subject is at
90. and 270" positions. C and D illustrate the calculation of the hydrostatic pressure
co-tponents from anatomical conr~derations and their sinusoidal variations. In G is
shown a schematic plot of the expected hydrostatie pressure variation in the head and
feet. The circled sine wave refers to body position where the maximum point cor-
responds to the head-up position and the minimum point to the head-dvwn position.
The maximum hydrostatic pressure at the foot area lags the head-up position by
angle 0 since the subject is in the sitting position. In the expressions for pressure
variations in the head and foot part of body, MAP refers to mean arterial pressure;
MVP refers to mean venous pressure; and 5 and 2 are hypothetical pressure drops along
the arterial and venous voecels, respectively.
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are formidab!e. The measurements by cathe- the undefined location of the pressoreceptors
terizatron dane on tilt table studies in men (57), involved, it is interesting to nate that the heart
nevertheless, support the essential parts of the rate respom, we observed bears some analogy
assumption w, have made earlier as regards with results obtained in animal experiments
the blood pressure variation in the head and when the isolated cazotid sinus is exposed to a
foot part of the cardiovascular system. The Binusoidal pressure input. Stegemann (41) in
indirect blood pressures we have taken before 1957 studied the blood pressure and heart rate
and after each run are limited in physiologic response to sinusoida) forcing pressure in the
value since the most interesting blood pressure isolated carotid sinus. He reported that the
changes probably occur during the rotation, femoral artery pressure response was not ex-
and axe probably rapid and transient. actly sinusoidal, but decreases faster than it

rises. Further, that the increase of the slope
Most of the discussion above would apply of the "sympathetic sensoc phase lag" (angle

to the type i response. Type Ii response, as between carotid sinus pressure minimum and
seen in the very low rotational rates and which femoral artery maximum) with increasing
exhibits more scatter with minor heart rate stimulus frequency was steeper than the cor-
peaks and troughs, is possibly due to attempts responding slope of the "parasympathetic sen-
of the system to adapt to instantaneous body sor phasi, lag" (angle between carotid sinas
position. In other words, since the body rotates pressure maximum and femoral artery mini-
slowly, the circulatory reflex mechanisms at- mum). The analogous results in our experi-
t:mpt to adjust to specfic body positions, but ments in humians are: (1) the heart rate
are thwarted because the body position con- response was asymmetrica!, falling faster than
tinues to change. The type III response, seen it increased; and (2) the phase lag between
when tha half-cycle period of the rotation ap- heart rate maximum and 90' position was al-
proaches the period of the lowest pulse rate, is ways larger than the phase lag between the
possibly due to a finite decay time particularly heart rate minimum and the 2700 position.
of tue paras, mpathetic response. If so, as a This interesting correspondence, however, can
result of a response to reflexes excited by the only be a very rough one. In our experiments
head-down position, the heart may still be the control loop was not openled, so that all the
under predominantly vagal control and the reflexes were active in a closed loop mode of
sympathetic system still partially depressed operation. In our analysis we assumed that
when the subject starts to come to the head-up the carotid sinus pressoreceptors are predomi-
position at a fast rate. nantly involved, although in our experiments

receptors in the atria, ventricles, pulmonary
The A HR appear to be greatest (32 beats vessels, and perhaps in the splanchnic circula-

per minute) when the subjects were rotating tion are probably also active. We do not have
at 1 to 3 rpm (0.017 - 0.05 cps) and smallest instantaneous blood pressure measurements
(17 beats per minute) when rotating at 14 to which Stegemann had, and the heart rate
16 rpm (0.23 - 0.25 cps). A significant part probably does not always parallel the blood
of this difference is probably due to a greater pressure changes. Furthermore, our forcing
pressure amplitude variation imposed on the pressure function may not be sinusoidal be-
pressoreceptors at the slow rotational rate as cause of the undefined effect of changing
there is greater time for blood shifting to occur venous return and its dynamic effect on the
so that heart rate variation would correspond- cardiac output. Despite these reservations, our
ingly be greater. Some part of this, however, results show characteristics of the sympathetic
may be due to the reciifying property of the and parasympathetic system response in hu-
blood pressure control mechanism as the fre- man heart rate control analogous to Stege-
quency of pressure variation increases beyond mann's findings.
0.1 cps (10, 39).

In spite of the complex type of stimulus by The absence of a striking difference in the
which we are exciting the pressoreceptors, and hWart rate response between the roll and pitch
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axes is because the hydrostatic pressure varia- more occurrences of earlier bradycardia; this

tion is similar in both profiles. The variation finding suggests the possibility of a reduced
of the ECG pattern in the pitch, roll, and ran- peripheral vascular resistance, which may be

dora profiles is here interpreted as being due due to some vasodilatation resulting from local
to some motion of the heart within its attach- heat production which could occur secondary to
ments, so that the heart vector changes in intermittent shivering of the legs. Another
direction and magnitude not only because of factor may be shunting of blood into low re-
depolarization but also because of its movEment sistance deep veins secondary te cutaneous
within the thorax. The difference from sub- vasoconstriction, which is suggested by the
ject to subject is probably predominantly due drop of skin temperature of 2.5" and 3.2' C.
to differences in the mobility of the heart in its Owing to the limited number of experiments, no
asymmetric elastic suspensions, differences in defini*ive conclusions can be drawn ho.re.
the attachment points of connective tissue, and
differences in mechanical properties of these Effects of water immersion
tissues. Variations in QRS amplitude in the
random axis rotations are more pronounced It is known from the work of Bunt (26)

than in the pure axes rotations. This is ex- that a 6-hour period of water immersion can

pected on account of the randomly changing produce significant orthostatic deconditioning.,
angular ihiomentum imposed on the heart struc- The type of heart rate response observed dur-

tures so that the torques imposed on the heart ing 6 rpm pitch rotation after 6-hour water

structure probably would be more severe. This immersion suggests a shift of blood volume to

suggests to us that the mechanical strain on a greater degree. This could be brought about

the heart and its attachments is greater in by a decreased peripheral vascular resistance

random axes tumbling than in pure axes rota- and increased venous capacitance, and perhaps

tion. The consequences of this on circulatory a concomitant change in blood Dressure regula-

dynamics may be an interesting problem to tory mechanism induced by water immersion.

pursue. In any case, this single study points out certain
important proptrties of the response to slow
tumbling in a G field after some degree of

Effects of ambient air temperature orthostatic deconditioning has occurred., Ex-
tension of this study to greater number of

On the basis of the heart rate and indirect subjects would be of great value.
blood pressure response, it appears that the
3 subjects tested did not show very severe Pilot performance and motion sickness
circulatory system stress as a result of a com-
bined exposure of 380 C. environment for 50 to From the studies made in 3 subjects, the
72 minutes and subsequent rotatiun at 6 rpm, following conclusions are suggested: (1) the
pitch axis for 3 minutes. The skin temperature 3 subjects had different abilities in "righting"
rise of about 3° C. observed and the sweating the RFS from a chosen initial static pczimton;
at the end of the heat exposure, however, in- (2) learning to "right" the RFS from some
dicate that a large amount of cutaneous chosen static position showed fast improve-
vasodilatation was probably present. Because ment with repetitive trials; (3) the "righting
of the complex response of the circulatory sys- time" was increased with longer duration of
tem to hot environment, more experiments are r.ndom tumbling and even more increased
necessary to study in greater depth this aspect when rate of random rotation was increased;
of the response to tumbling. In addition, en- (4) the time of onset of queasiness of stomach
vironmental humidity needs to be defined, or nausea secondary to random tumbling varied

from subject to subject; (5) faster rate of
The exposure of 2 subjects to RFS tempera- rotation in the random axis produced more

ture of 11.50 to 15.50 C, followed hy 3 minutes' nausea than slower rate of rotation; and (6) in
rotation at 6 rpm in the pitch axis resulted in the subjects who experienced nausea, the time
greater scatter in the bradycardia response and of onset was reproducible in two trials.
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It is not intended that a detailed discussion difference between our profile and theirs is, of
of pilot performance and motion sickness be course, that we introduced new axes dynamical-
made here since the number of experiments ly, whereas they started at some initial re-
performed was limited. It should be unoted, sultant axis.
however, tiat in contrast to the experiments
where the rotational rate was constant, in The nystagmogram we obtained shows a
random tumbling tb iemicircular canals and very complex waveform. In general, a faster
the otoliths are most irtainly stimulated. By frequency saw-tooth wave was superimposed
virtue of the complex nature of the rotational on a slower frequency waveform, the latter
profile it becomes an intractable problem to being in the range of the RFS rotational rate.
trace the angular acce'erations to which the Aithough there are momentary waveforms that
vestibular system is ex,,sed. The fact that appear like classical nystagmus tracings, the
it was whenever a new axis "has introduced overall complex behavior of the tracing pre-
that seemed to give the subjects motion sick- cludes interpretation of these waveforms at the
ness perhaps points to Coriolis stimulation of present time. Undoubtedly, noise due to some
a complex pattern (9, 17, 32) as an important electrode motion is occasionally also superim-
factor in the causation of motion sickness. posed in the nystagmogram tracing. In any
Our "fast random tumbling" actually is fairly case, the tracings obtained seem to indicate
slow compared to the work of Useller and that random tumbling produces a slow eyeball
Algranti (45), but in our subjects a relatively rolling at a rate correlating with RFS rota-
shorter period was required to induce motion tional rate and a faster frequency saw-tooth
sickness, whereas in Useller's studies, up to waveform of 2 to 6 pulses per second which
50 rpm for one hour was required. The may be due to true vestibular nystagmus.
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APPENDIX 1

PERSONAL DATA

All 7 subjects used in this experiment were experienced in the centrifuge. The
following table summarizes their vital statistLics:

Subject S" Age (yr.) Height (in.) Weight (lb.)

R.D. M 24 68 145

J.N. M 30 71.5 194

E.O. M 31 61.5 184

A.R. M 23 67 132

V.R. M 25 71 170

A.S. M 22 61.?5 121

T.S. M 24 76 189
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APPENDIX 2

81VIAODS FOR !NIF RUMENTING SUBJECTS

This section describes the technic followed in instrumenting the subjects. It does
nc include a discussion of the operating principles of the instruments employed, which
aro discussed in the engineering section.

1. Electrocardiogram (ECG)

A set of six silver-olver chloride electrode ECG leads supplied by SAM was used
to record sternal and ax,I1lary ECG. The sternal leads were placed naidsternally on the
manubrium and xlphisternal area, whereas the axillar7 leads were located on the
right and left midaxillary lines, about the 5th or eth intercostal space. The two
ground leads, one each for the eternal and axillary pickups were placed midsternally
at about the 3d and 4th rib level (fig. iB).

The method of applying the skin electrode described here was adapted from the
technics currently employed by the SAM subject instrumcntation perzonnel in their
centrifuge experiments.

To prepare the subject, the skin area to which the electrode was to be applied was
first rubbed with alcohol until it appeared slightly reddish or pinkish in color. The
superficial cornified layer of the same area was then removed using either , fine
grit sandpaper or small burring tool. The latter was a light hand-held elactric drill,
with an attached spherical fine dental drill (fig. 1A). Wnen using the sandpaper
method a few strokes over the skin to be prepared were required, and the end plint
was usually a very slight tenderness. The burring method was faster and seemed
less traumatic. The area was marked with a felt pen, and the drill tip lightly touched
the marked area which would then show a whitish shiny spot. A spot of about 2 mm.
was usually adequate.

To apply the electrodes, the standard Beckman 2-face adhesive discs cut to the size
of Beckman electrodes were used. After one face of the adhesive disc had been applied
to the electrode, NASA electrode paste was introduced into the electrode cavity
through the four holes on the electrode face by means of a blunt needle and syringe.
Great care was taken not to leave any bubbles inside the electrode cavity as they
increase the electrode impedance. After excess paste was leveled off and discarded,
the remaining protective paper was peeled off from the adhesive discs, and the
electrode pressed on the prepared skin.

Electrode Impedance was checked by an ohmmeter set to the x 100 scale. An upper
limit of 1.5 K was used and If the impedance exceeded this, the skin and electrode were
reprepared. At the conclusion of the run, the electrodes were washed thoroughly
with soap and water before the electrode paste had a chance to dry and cake. The
subject's skin was cleaned and treated with an antiseptic ointment or tincture.

1I. Indirect Blood Pressure Measurement

The blood pressure measuring device consisted of a small piezoelectric contact
microphone, a regular blood pressure cuff, and the SAM automatic blood pressure
inflation-deflation device. The microphone was placed over the strongest brachial
pulse felt on the inner aspect of the lower third of the upper arm. The cuff was then
applied around the upper third of the upper arm. It was often necessary to reposition
the microphone and cuff and several blood pressure readings taken before the best
blood pressure recording could be obtained. Blood pressure reading was initiated by
pressing a button at the physiologist's console which remotely actuated the RF-
controlled SAM blood pressure measuring device. Muscle artifacts in the blood
pressure recording were minimized by instructing the subject to relax before the
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FIGURE 1

Photograph illustrating subject preparation; 1, burring tool; 2, electrocardiogram leads; 3, electronystagmo-

gram leads; 4. shoulder yad; 5, shoulder and chest strap; 6, "joy-stick" control; 7, waist strap; 8, hip strap;

9, strap single release mechanism; 10, blood pressure gas lank; 11, feet strap; 12, roll inertia ring; 13, subject

transceiver; 14, microphone and respiration thermnistor leov~sing; 15, respirat ion thermnistor attachment, Ift, blood

pressure cuff; 17, intercom connection.
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button was pressed. Full scale on the blood pressure recording was 250 mm. Hg
which was calibrated against a mercury manometer-

HII. Respiration

Respiratory rate was measured by using a sensitive thermistor situated in the
respiratory air path. At first the thermistor was housed on a light plastic piece
which clipped onto the nasal septum. This caused much discomfort and pain to the
subject especially when he was in the head-down position as the weight of the mouth-
piece (mike) pressed on the clip and nose. Tbh thermistor was then housed in the
airflow path of a standard Air Force altitude oxygen mask (breathing ambient air)
which also housed the subject intercom r.ucrophone. This had the advantage over
the nose clip in that air flow due to the subject's talking or breathing through the
mouth was also picked up. During the experiments, the subject was asked to snap
the mask onto the helmet attachment.

During the "hot temperature" runs the respiration recording only showed spikes
corresponding to inspiration. This can be explained by noting that, at RFS cabin
temperature of 100" F., the air breathed in and out had temperatures very close to
each other, and ',he spike was caused by transient cooling caused by faster air
velocity during initial inspiration. The thermistor then warmed up immediately even
before expiration started.

IV. Nystagmogram (ENG)

Six silver-silver chloride electrodes were used to pick up eyeball movement
(Mennen-Greatbatch Electronics model 407 electrodes). The skin and electrodes were
prepared in an identical manner as the ECG electrodes. The electrodes were placed
around the eye as shown in figure lB. Lateral and vertical eyeball movements of
10' and 20* were used to calibrate eyeball motion by requecting the subject to look,
with the head held still, at correspondingly marked points u.A the RFS wall in front
of the subject's chair. The strip chart output was labeled accordingly for 10" and 20'
arc gaze. This was done before ench run where ENG was recorded.

V. Body Temperature

Yellow Spring Instruments (Ohio) skin -;nd rectal temperature probes were used.
The skin temperature probe was taped hb ,n.eans of regular adhesive tape on the skin
about 2 in. inferior to the junction of the medial and middle third of the inguinal line
taking care to avoid contact with the scrotum. The rectal probe (ccvered with
petrolatum) was inserted about 3 in. into the rectum by the subject himself and kept
in place by a rubber ball (of about %-in. diameter through which the probe has been
cemented at the 3-in point). Alter probe placement, 10 minutes were allowed for
temperature equilibration before temperature was read, using YSI telethermometer
readout, and prior to letting the subject enter the RFS. In the RFS ths two subject
temperatures were telemetered, the readouts of which were checked and calibrated
against the YSI telethermometer.

VI. Safety Harness

The subject harness provided support of the shoulders and chest, the waist, the
hips, and the feet. The original "across-chest" strapping was modified so that the
straps came over the shoulders alongside the chest vrithout crossing. This minimized
chest cage pressure and eliminated ECG artifacts arising from the straps rubbing
over the leads. The strapping method featured a single release mechanism for all
the straps, except for an independent waist safety strap. Straps were released by
pulling a metal handle located between the subject's thighs. Size of subject presented
some problem as the seat was designed for a certain percentile of Air Force men.
For smaller sized subjects we had to use two layers of foam rubber (each 2 in. thick)
in the seat and a layer at the back in order to fit the strap3 to them.
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VII. Instrument Calibration

After the subject was strapped, instrument calibrations were done. The accelerom-
eter output# were calibrated by means of a calibrate button inside the RFS. With the

button unpressed, the Z accelerometer on the strip chart was calibrated to full-scale
(2 cm.) positive deflection corresponding to 1 G and the X and Y acceleromster outputs
zeroed to the midline. When the button was pressed, the X and Y accelerometer
outputs were calibrated full-scale (2 cm.) positive deflection corresponding to 1 G,
and the Z output zeroed to the midline. A calibrate button for the rate gyro was also
provided. The calibrate signal was equivalent to 10 rpm. With the button unpressed,
the strip chart pens for the X, Y, and Z rate gyros were zeroed to the midline. When

the button was pressed, the pens were calibrated to either full positive deflection or
one half of this distance, depending upon the gain setting of the chart amplifier. The
less sensitive gain setting was used when the rotation was expected to go beyond
10 rpm. For pure axis rotation, a tachometer on the external drive also gave out RFSI
rotational rate.

After the single subject cannon plug was mated into the socket at the center of
the outer edge of the subject seat, the telemetered subject variables were checked by
two technicians-one inside the RFS and the other at the physiologist's consci!e. The
ECG amplifiers were adjusted so that the peak-to-peak QRS tracing registered
4 to 6 cm., the peak-to-peak respiration tracing about 2 or 3 cm., and the blood
pressure peak inflation pressure (corresponding to 200 mm. Hg) registering full
positive scale. The Beckman tachometer was also calibrated by the calibration knob
p-ovided in the tachometer.

For the subject temperature signal, a 38* and 30* C. calibration signal was
pro,,ided by pressing two buttons in the RIS alternately. The strip chart pens were
then calibrated to full maximuml and full minimum excursion. In all the calibration
operations, the step gain settings of the strip chart recorder had been pre-set by the
engineers according to the known signal voltage levels such that during experir .ental
days, the technician had only to calibrate using the continuous zero and calibrate
knobs. For the ENG, the 10" calibration mark point was usually used. T'is was
calibrated to register % cm. excur.,ion from the midline as the subject war requested
to look at the 10" marks to the left and right and up ard down. Figure 2 illustrates
the calibration signals and specimen tracings from actual RFS runs.
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FIGURE 2

Sample channel tracings, calibration signals on the lef1 column and actual run
nignals on the right column. The lateral nyatagmue tracing was obtained with
subject's eyes closed after stopping 15 rpm yaw rotation in 1% secosda.

84



ITT I

777= - X ACCELE

4-H 01- Y ACCELE

1 1 4- + ACCELER

*-LATERAL N~-1-
V~kT--ICA'LL EA L

- CARDlOTI

EK
-SKIN TEmr-

4.-RECTAL TEA
- RESPIR

~1~>~~ ~-~BLOOD P

CALIBRATION



- X ACCELEROMETER -- 4

*- Y ACCELEROMETER-

SACCELEROMETER -

YAXIS RATE GYRO L1- 1M

4-LATERAL NYSTAGMUS--+

- CARDIOTAGCIOGRAM---

- ~ EKG - 4fH&-T':=

#-- oSKIN TEMPFRATURE

#,--RECTAL TEMPERATURE
RESPIRATION ~ 4 -T=k7 3 ,U

BLOOD PRESSURE--*

ACTUAL RUN



APPENDIX S

SCHEME OF EXPERIMENTS

I. Sutject J.N.
Random axis
Roll axis
Pitch axis
Hot ambient temperature
Water immersion

UI. Subject E.O.
Poneom axis
Roll axls
Pitch axis

IIl. Subject AS.
Yaw axis
Roll axis
Pitch axis
Hot ambient temperature
Cold anmbient temperature

IV. Subject T.S.
Pitch axis
Roll axis
Hot ambient temperature
Cold ambient temperature

V. Subject A.R.
Random axis
Pitch axis
Roll axis

VI. Subject V.R.
Roll axis
Pitch axis

VII. Subject R.D.
Roll axis

Resulta are given in protocol form in appendix 4.
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